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Chapter 1

Introduction

In this thesis I will analyze the impact of stellar spots on observations of transiting ex-
oplanets, both in low-resolution spectroscopic observations and in photometric observa-
tions, acquired with space-based telescopes. This chapter will illustrate the rationale, i.e
the techniques used to observe an exoplanetary atmosphere during a planetary transit and
the impact that the star spots may have on the transit observation, as well as the efforts
made so far to mitigate their effects. The chapter also contains a brief description of the
contents of the following chapters.

1.1 Techniques for exoplanetary atmospheres observations

At the date of writing of the thesis (14th January 2023), the “Extrasolar Planets Ency-
clopaedia”1 lists 5303 extrasolar planets, discovered by using different techniques (transit,
radial velocity, microlensing and direct imaging) and different instruments from space and
from the ground. One of the major challenges current astrophysics is facing is under-
standing the chemistry of these exoplanets through the study of their atmospheres. By
measuring the chemical composition and thermal structure of a planet’s atmosphere, it
is possible to constrain the planet’s formation and evolutionary history, current climate,
and even its habitability. The study of atmospheres allows to have information about
their structure, thus breaking the mass-radius degenerancy of the known extrasolar plan-
ets (Seager et al. 2007; Swift et al. 2011), and it gives access to the interior composition
of hot exoplanets (e.g., see Gao et al. 2020). For this reason, the purpose of several space
missions (e.g. Ariel, JWST) is to observe and to study the atmospheres of known exo-
planets.

Spatially resolving the planet with its atmosphere from the host star is not possible
in most cases. However, for transiting planets, which periodically pass in front of and
behind their host stars, a number of strategies have been developed to infer the chemical
composition of their atmospheres. These techniques rely on the fact that the planet’s
signal can be effectively separated from that of its host star, and make use of the star as
a reference point. In particular, for transiting exoplanets three fundamental techniques
have been developed:

a. “transmission spectroscopy”- during the primary eclipse, i.e. when the planet passes
in front of its host star, the atmospheric absorption features are detected across an
atmospheric annulus around the exoplanet;

1http://exoplanet.eu/

1
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b. “occultation spectroscopy”- close to the secondary eclipse, i.e. when the planet transits
behind its host star, light from the star may bounce off the exoplanet’s atmosphere and
reflect toward the observer or the atmosphere itself, if hot enough, may emit radiation
to be detected;

c. “phase curves”- where the spectral emission of the planet is mapped globally following
the planet around its orbit.

All of these techniques have provided a detailed characterisation about the chemistry
of the planetary atmospheres, from super-Earth to Jupiter sized planets. This Section
contains a review of these techniques and the main results obtained so far about the
exoplanetary atmospheres, focusing on low-resolution spectroscopy.

1.1.1 Transmission spectroscopy

Transiting extrasolar planets pass directly in front of (primary eclipse) or behind (sec-
ondary eclipse) their host stars as seen from Earth. During a primary eclipse, the planet
blocks a fraction of the stellar light, which can be detected by time series photometry.
The fractional stellar flux deficit ∆F/F∗ during the primary eclipse, in the absence of
atmosphere, is roughly given by:

∆F

F∗
=
F∗ − F in

F∗
'
(
Rp
R∗

)2

(1.1)

being F in and F∗ the stellar flux during and out-of the transit, respectively, and Rp and
R∗ the radii of the planet and of the star, respectively. In a more complete scenario, the
fraction of light blocked by the planet during the primary eclipse takes into account the
stellar limb darkening and other geometrical properties of the exoplanetary orbit around
the host star. This discussion will be detailed in Ch. 3.

When the planet passes in front of its host star, the light from the star will be filtered
through the gas in the atmosphere at the planet’s terminator. Atomic, ionic or molecular
species, in the atmospheric annulus around the planet, will selectively absorb and scatter
the stellar light at characteristic frequencies, which will make the atmosphere at those
wavelengths opaque at higher altitudes. The exoplanet will therefore have a slightly larger
apparent radius at those characteristic wavelengths, which is directly observable via a
deeper transit depth. Fig. 1.1 shows a sketch of a transit of a planet in front of its host
star at two different wavelengths λ1 (red) and λ2 (blue), with the corresponding primary
eclipse light curves. The black disk is the radius of the planet at which it becomes opaque
at all wavelengths. Differences in the planet-to-star areas ratio with wavelength constitute
a “transmission spectrum”, that will contain all the typical signatures and molecular bands
of the particles in the planet’s atmosphere, and the absorption/scattering properties by
hazes and clouds, or Rayleigh scattering by molecules.
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Figure 1.1: Planetary transit at two different wavelengths λ1 (red) and λ2 (blue), with the
corresponding light curves. The black disk stands for the opaque planet’s disk, projected
onto the stellar disk.

The Rayleigh scattering is the elastic scattering of light from the star by particles in
the planet’s atmosphere much smaller than the wavelength of the incident stellar radia-
tion; the intensity of the scattered radiation is inversely proportional to the fourth power
of the wavelength of the incident radiation, therefore its effect is stronger at shorter wave-
lengths and manifests itself as a slope in the planet’s transmission spectrum. In addition,
the absorption by hazes and clouds is more intense at shorter wavelengths and both the
effects could hide the absorption bands of the molecular species in the planet’s atmosphere
at these wavelengths.

Exoplanet transmission spectra are typically constructed by taking time-series spec-
trophotometry during a transit event, with the spectra divided into many wavelength bins
in which the chromatic change in the transit depth is measured. At each wavelength bin,
the transit light curve must be fitted with a model, typically including instrumental sys-
tematic effects along with a limb-darkened theoretical transit model, in order to retrieve
the planet radius Rp(λ) at all wavelengths.

This technique was theorized by Seager et al. (2000) and then demonstrated by Char-
bonneau et al. (2002) with the sodium detection in the atmosphere of the hot Jupiter HD
209458 b, using the Hubble STIS instrument (Space Telescope Imaging Spectrograph) in
the visual range. Using the same target and instrument, Vidal-Madjar et al. (2003) used
the technique in the ultraviolet to detect atomic hydrogen absorption in the Lyman-α line.
A much stronger detection of sodium was found in the hot Jupiter HD 189733 b using
ground-based observations (Redfield et al. 2008). Potassium was also predicted in the
atmosphere of hot Jupiters and subsequently detected using ground-based observations
(Colón et al. 2012). These studies started to provide the first observation constraints for
models of the upper atmospheres in hot Jupiters.

Primary eclipse spectra can also provide constraints on the upper atmosphere column
density, temperature and pressure. Theoretical models for the transmission spectrum re-
quire radiative transfer calculation for light on the slant path through the planet’s atmo-
sphere (Seager et al. 2000), a computationally intensive task. However, a rough prediction
of the depth of features in the transmission spectrum can be made, based on the atmo-
spheric scale height H (Kreidberg 2018). The scale height is the change in altitude over
which the pressure drops by a factor e. By assuming that the planet’s atmosphere is in hy-
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drostatic equilibrium and by using the ideal gas law, it is possible to derive a mathematical
expression of H:

H =
kBTeq
µg

(1.2)

where kB is the Boltzmann constant, Teq is the planet’s equilibrium temperature2, µ is
the mean molecular mass, and g is the planet’s surface gravity3. The amplitude of spectral
features in transmission is then:

δλ =
(Rp + nH)2

R2
∗

−
R2
p

R2
∗
≈ 2nRpH

R2
∗

(1.3)

where n is the number of scale heights crossed at a given wavelength λ with high opac-
ity (typically around two for cloud-free atmospheres at low spectral resolution; Stevenson
et al. 2016). It follows that the ideal planets candidates for transmission spectroscopy
have high equilibrium temperatures, low surface gravity, and low mean molecular mass
composition (i.e., hydrogen-dominated). But even for these ideal cases, the amplitude of
spectral features is just δλ ∼ 0.1%. For Earth-like planets, the expected amplitude is
two/three orders of magnitude smaller, depending on the host star size.

1.1.2 Occultation Spectroscopy

The occultation spectroscopy is a method used to probe thermal emission and reflection of
a planet when it is about to pass behind the star or has just come out from the occultation.
The eclipse of the planet provides a baseline measurement of the unimpeded stellar flux as
the flux contribution from the planet drops to zero. When the planet is no longer eclipsed,
any increase in brightness in the observed flux can be attributed to the planet’s thermal
emission and reflected stellar light, therefore, the light from the planet can be efficiently
separated from that of the star. Fig. 1.2 shows the variations in observed flux of the
system “star+planet”due to planet’s primary and secondary eclipse.

The light curve fractional flux deficit at secondary eclipse gives the ratio between the
planet flux (emission and reflection) and the stellar flux (Fp/F∗). When measured over
multiple wavelengths, this gives the “secondary eclipse spectrum”, also known as the day-
side emission spectrum.

For the short-period planets that have been studied so far, the dominant source of
thermal emission is re-radiation of incident stellar flux (rather than latent heat of forma-
tion). Thus the typical size of the emission signal can be predicted from both the planet’s
equilibrium temperature Teq and the stellar temperature T∗:

Fp
F∗

=
B(λ, Teq)

B(λ, T∗)

(
Rp
R∗

)2

(1.4)

where Fp/F∗ is the planet-to-star flux ratio, B(λ, T ) is the black body spectral radiance
at temperature T , and Rp/R∗ is the planet-to-star radius ratio. The planet’s equilibrium
temperature Teq is of the order of a few hundreds of K or a few thousand of K, therefore

2The planetary equilibrium temperature is a theoretical temperature that a planet would have if it were
a black body being heated only by its host star.

3The surface gravity of an exoplanet is defined as g = G
Mp

R2
p

, being Mp and Rp the mass and the radius

of the exoplanet, respectively, and G the gravitational constant.
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Figure 1.2: Stellar flux modulation over time due to the primary and the secondary eclipse
of a transiting system. In spectroscopy, the transit or eclipse measurements are performed
at multiple wavelengths, thus producing the transmission or emission spectra. Figure from
Bozza et al. (2018).

the planet’s emission is stronger in the near-/mid- infrared, compared to the star, whose
emission peaks in the visible range at shorter wavelength. For example, the planet-to-star
flux for the hot Jupiter HD 209458 b is just 50 parts per million at 1 µm, but increases
to over 1 000 ppm at 4.5 µm (Line et al. 2016). Therefore the near-/mid- infrared is the
ideal range for secondary eclipse spectra, thus giving the optimal values for Fp/F∗.

Eq. (1.4) is a good first order approximation of the planet signal, but as with transmis-
sion spectroscopy, more complex features arise in the spectrum due to the atmosphere’s
changing opacity with wavelength. The emitted light comes from the photosphere of the
planet, where the optical depth τ is of order unity. At more opaque wavelengths, the pho-
tosphere is at higher altitude, where the planet’s temperature may differ from Teq. Since
different wavelengths contribute to the emission from different levels in the atmosphere,
the secondary eclipse spectroscopy may be used to probe the vertical thermal structure.

The depth and shape of spectral features depends on the exact temperature-pressure
profile of the atmosphere - for example, if the temperature increases with altitude (known
as a thermal inversion or stratosphere) spectral features can be seen in emission rather
than absorption. Thermal emission spectroscopy is therefore useful to probe the temper-
ature structure in addition to atmospheric composition.

At shorter wavelengths, where the planet’s thermal emission becomes weaker, reflected
light from the planet may also be detectable. It is usually quantified by assuming that the
planet is a “perfect”Lambertian surface, i.e. a flat, perfectly diffusing disk with the same
cross-sectional area of the planet. The ratio of reflected light from the fully illuminated
planet, relative to reflection by a perfect mirror, is the geometric albedo Ag . The total
reflected light signal is:

Freflect = Ag

(
Rp
a

)2

Φ(α) (1.5)
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where a is the orbital separation and Φ(α) is the phase function (the reflected light in-
tensity at phase angle α). The phase function depends on the scattering properties of
the atmosphere, but analytic predictions are available for certain simplified models (e.g.
Madhusudhan et al. 2012). Reflected light is easiest to detect in the optical, where it
dominates over the thermal emission signal; however, the amplitude tends to be small
(typically less than 100 ppm; Angerhausen et al. 2015).

Fig. 1.3 illustrate as example both the transmission and the emission spectrum of the
planet WASP-43 b, both with a strong water absorption feature centered at 1.4 µm.

Figure 1.3: Thermal emission spectrum (a) and transmission spectrum (b) for the hot
Jupiter WASP-43 b, compared to best fit models. The data are from the HST/WFC3
instrument (1.1 - 1.7 µm) and Spitzer/IRAC (3.6 and 4.5 µm). The blue line corresponds to
the best-fit model, and dark and light blue shading correspond to the 1 and 2 σ confidence
intervals from an atmospheric retrieval. Water absorption - the broad feature at 1.4 µm -
is detected in both spectra. The retrieval constrains the water abundance to be between
0.4 and 3.5× solar at 1 σ confidence. Figure from Kreidberg et al. (2014a).

The interpretation of the extracted planet spectra, both in primary or secondary
eclipse, is usually based on comparisons with atmospheric models from radiative transfer
codes such as TauREx (Al-Refaie et al. 2021) or NEMESIS (Irwin et al. 2008). These
codes are based on radiative transfer models and use a “forward model”statistical ap-
proach, where, given assumptions about the atmosphere, a set of predicted synthetic
models are produced and compared to the data. For example, in Berta et al. (2012), the
spectrum obtained for GJ 1214 b was compared to solar composition, 50x solar metallic-
ity4 and water-dominated models. A second approach is to use atmospheric or spectral
“retrievals”where the model parameters are adjusted in a Bayesian framework until a max-
imum likelihood solution is obtained.

4Approximately equivalent to the ice giants in the Solar system.
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1.1.3 Phase-curve

Finally, when a planet is observed over the course of a full orbit around its host star, the
flux contribution from the exoplanet will modulate the total star+planet flux as its or-
bital viewing geometry changes, with atmospheric information obtainable throughout the
“phase curve”. While observing an exoplanetary phase curve does not require a transit
or eclipse event, to date most phase curve studies have focused on transiting exoplanets
as they typically offer better overall constraints. For instance, the total flux contribution
to the phase curve from the star, which dominates the total signal, can only be precisely
measured during a secondary eclipse event. From a phase curve, the day-to-night tem-
perature contrast can be measured, and, additionally, the abundances of the species and
atmospheric temperatures can be mapped around the planet. Fig. 1.4 shows an example
of phase curve taken from Winn (2010).

Figure 1.4: Flux modulation from a planetary system due to planet’s orbit around the
star. Figure from Winn (2010).

Measuring the phase curve is the most difficult atmospheric measurement to make with
a transiting exoplanet. The difficulty stems from the requirement to maintain high pho-
tometric precisions of order 100 ppm (which, as with transits and eclipses, are still useful)
over long timespans. Typically, measurements last on the order of the orbital period of
the planet, which can be a day or longer - compared to transit/eclipse events which last a
few hours. Furthermore, taking into account the extensive use of telescope time, for prac-
tical purposes phase curve observations thus far have been focused on the shortest period
planets with periods of 2 days or shorter. The first phase curve observation was made by
Knutson et al. (2007), who observed HD 189733 b with the Spitzer Space Telescope at 8
µm during half an orbital period covering a transit and eclipse.
An important aspect of phase curve observations done on transiting planets is that a
transmission spectrum and an eclipse spectrum can also be derived from the same data
set, making it a particularly constraining measurement. An example can be seen in Fig.
1.5 where a spectroscopic phase curve of WASP-43 b was observed by Stevenson et al.
(2014, 2017) with HST (Hubble Space Telescope) and Spitzer. In the phase-curve spectra,
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H2O features were mapped around the planet, and the emission spectrum showed strong
absorption features.

Figure 1.5: Emission spectra of WASP-43 b at four orbital phases. Each set of 17 colored
circles depict measurements from HST and Spitzer phase curve observations. Colored
curves with shaded regions represent median models with 1 σ uncertainties. Diamonds
depict the Spitzer bandpass-integrated models, most of which overlap the measured values.
The inset magnifies the WFC3 spectra. Figure from Stevenson et al. (2017).

The number of planets studied so far with either spectroscopic or multiband photo-
metric spectra in transmission or in emission remains below 100, i.e. a small fraction
compared to the thousands of known planets. Furthermore, the majority of these ex-
oplanets are still hot Jupiters, with a small number of Neptune-sized, Super-Earth and
Earth-sized planets. This reflects the fact that the atmospheric signatures being measured
(i.e. the modulations in the planet-to-star areas ratio or flux ratio spectrum) are about an
order of magnitude smaller than the transit depth itself, therefore hot Jupiters provide the
best signal-to-noise ratios (SNR). In a sense, while transit photometry has emerged from
the early bias towards hot-Jupiters and now reveals the predominance of smaller planets,
transit and emission spectroscopy still remains in an era dominated by hot Jupiters. This
will be overcome in the near future thanks to space missions such as JWST (James Webb
Space Telescope; Beichman et al. 2014) and Ariel (Atmospheric Remote-sensing Infrared
Exoplanet Large-survey; Tinetti et al. 2016).

Up to the date of writing this thesis, the “Extrasolar Planets Encyclopaedia”database5

currently lists 87 objects with claimed molecular and atomic detections or species inferred
from atmospheric modeling. A list of some of these objects created with the ExoAtmos
database6 is reproduced in Tab. 1.1. The list includes many of the expected molecules seen
in Solar System planets such as CO2, H2O, CH4 and NH3, as well as more exotic species
such as TiO and VO, and alkali metals predicted in the atmospheres of hot Jupiters. Not
all the species listed are based on the detection of unambiguous spectral features. For
example the O2 on GJ 1132 b, a hot (Teq = 410 K) Earth-sized exoplanet transiting an M-
dwarf (Schaefer et al. 2016), is inferred from a model that fits the tenuous atmosphere and
assumptions about the surface conditions and atmospheric chemistry. Indeed detection of

5http://exoplanet.eu/
6http://research.iac.es/proyecto/exoatmospheres/table.php/
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spectral species has sometimes been controversial, e.g. the detection of the CH4 feature
at 3.25 µm in the ground-based emission spectrum of HD 189733 b by Swain et al. (2010),
was denied by the subsequent non-detection by Mandell et al. (2011). Hansen et al. (2014)
looked at 44 planets with broadband emission spectra, mostly obtained using Spitzer, and
reassessed the uncertainties. They concluded that these had been underestimated in the
original studies and that virtually all molecular detections and inferences about atmo-
spheric structure were unreliable and were due to astrophysical and instrumental noise
rather than molecular signals.
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Table 1.1: Molecular and atomic “detections”in exoplanets, as listed on the “Extrasolar
Planets Encyclopaedia”(http://exoplanet.eu/) on 09/05/2022. Not all of these are true
detections of spectral features, but may be inferred from modeling.
Name Mass Radius Semi-major axis Discovery year Species

[MJ ] [RJ ] [AU]

51 Peg b 0.47 1.9 0.052 1995 CO, H2O
55 Cnc e 0.027 0.174 0.015 2004 C2H2, Ca, Ca+, Fe, Fe+,

H2O, HCN, K, Mg, N, NH3

GJ 1132 b 0.005 0.104 0.015 2015 CO2, H2, N2, O2

GJ 1214 b 0.026 0.245 0.014 2009 He
HAT-P-11 b 0.074 0.389 0.053 2009 C, H, He
HAT-P-26 b 0.058 0.565 0.048 2010 CH4, CO, CO2, CrH, H2O, ScH,

TiH
HAT-P-41 b 0.8 1.685 0.043 2012 Al, C, Na, O I, Ti, V
HD 189733 b 1.138 1.138 0.031 2005 C, CH4, CO, CO2, Ca, Fe I,

H, H2O, He, K, Na, O,
O I, Sc, Ti+

HD 209458 b 0.69 1.38 0.047 1999 C, C2H2, CH4, CO, CO2, Ca,
Fe, H, H2, H2O, HCN, He,
K, Mg, Mn, NH3, Na, O I,
O2, Sc, TiO, V, VO

K2-18 b 0.028 0.211 0.143 2015 CH4, H2O, NH3

K2-22 b 1.4 0.223 0.009 2015 Na
KELT-11 b 0.195 1.3 0.062 2016 H2O
KELT-9 b 2.88 1.84 0.034 2017 Ca, Cr, Fe, Fe II, Fe+, FeH,

H, H2, K, Mg, O, Sc,
Sr, Ti, Ti+, TiO, VO, Y

Kepler-1520 b 0.0 0.515 0.013 2016 Na
Mg, Na, Si

TRAPPIST-1 b 0.003 0.097 0.011 2016 H2O
WASP-103 b 1.49 1.528 0.02 2014 H2, H2O, K, Na
WASP-12 b 1.47 1.9 0.023 2008 C, CH4, CO, CO2, Ca, Fe,

H, H2, H2O, HCN, He, Mg,
Na, Ni, O I, SiO, Ti, TiO,
VO

WASP-121 b 1.184 1.865 0.025 2015 Ca, Cr, Fe, Fe I, H2O, Mg,
Na, Ni, SH, SiO, Ti, TiO,
V, VO

WASP-127 b 0.18 1.37 0.052 2016 H2O, K, Li, Na
WASP-166 b 0.102 0.63 0.064 2018 Na
WASP-17 b 0.486 1.991 0.052 2009 C, CO2, H2O, K, Na, O I, VO
WASP-178 b 1.41 1.94 0.056 2019 SiO
WASP-18 b 10.43 1.165 0.02 2009 CO, H, H2O
WASP-19 b 1.139 1.41 0.017 2009 C, O I, TiO

Si, SiO, Ti
WASP-39 b 0.28 1.27 0.049 2011 H2O
WASP-43 b 2.052 1.036 0.015 2011 AlO, C, CH4, CO, CO2, H,

H2O, K, KCl, NH3, O I, SiO,
TiO2

WASP-49 A b 0.378 1.115 0.038 2011 K, Na
WASP-5 b 1.637 1.171 0.027 2007 Ag
WASP-52 b 0.46 1.27 0.027 2011 H, He, K, Na
WASP-6 b 0.503 1.224 0.042 2008 H2O, K, Na
WASP-69 b 0.26 1.057 0.045 2011 He, Na
WASP-76 b 0.92 1.83 0.033 2013 Al2O3, CH4, Ca, Fe, H2O, He,

Mg2SiO4, Na, Ni, OH, SiO, Ti,
TiO, VO

WASP-98 b 0.83 1.1 0.036 2013 TiO, VO
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More recently, Barstow et al. (2017) performed spectral retrievals on a set of 10 previ-
ously studied hot Jupiters finding little evidence for the presence of molecular absorbers
different from H2O.

1.2 Space Instruments

The low amplitudes of the atmospheric signals, the vulnerability to noise and the sys-
tematics constitute limitations to the transit spectroscopy, both from the space and from
the ground. A further limit to the ground-based observations is the narrow wavelength
bands available from the ground. This will be overcome with the next generation instru-
mentation. Furthermore, ground-based observations are also vulnerable to the telluric
contamination, which represent a further noise from atmospheric scintillation, and to the
noise from instrument emission at longer wavelengths. These two aspects highlight the
need to observe with space-based instruments in wider spectral bands. This Section con-
tains a review of the main space-telescopes used for observing exoplanetary atmospheres
with transmission/emission spectroscopy, also under development, with particular atten-
tion to the Ariel mission which will provide a large-scale statistics of the chemistry of the
atmospheres of a large sample of known transiting exoplanets.

A broadband coverage is necessary to break degeneracies between overlapping spectral
bands of different species, between temperature structure and between molecular signals in
emission spectra, to constrain the cloud diagnostics, and to identify the spectral distortions
induced by stellar activity in the visible wavelengths. Observations from different space
instruments taken far a part time are sometimes combined to produce spectra covering a
wider wavelength range. However there may be residual inaccuracies due to instrument cal-
ibration and the effects of stellar variability between different observations when stitching
together results from different instruments. The latter aspect will be deepened in Sec. 1.3.

1.2.1 Spitzer

The Spitzer Space Telescope (Werner et al. 2004), was an infrared space telescope launched
in 2003 and remained in orbit until 30 January 2020. Spitzer was the third space telescope
dedicated to the infrared astronomy, following IRAS (1983) and ISO (1995–1998). It was
the first spacecraft to use an Earth-trailing orbit, later used by the Kepler planet-finder.
At its launch, Spitzer did not have exoplanet science among its primary goals. Yet in the
second half of its lifetime, Spitzer’s exoplanet observations came to be among its most
important scientific contributions, including the detection of seven planets (three of them
Earth analogs in the habitable zone) transiting the late M-dwarf star TRAPPIST-1.

Spitzer hosted three instruments spanning wavelengths from 3 µm to 160 µm:

1. IRAC (the Infrared Array camera, Fazio et al. 2004) provided simultaneous broad-
band imaging at wavelengths of 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm;

2. IRS (the InfraRed Spectrometer, Houck et al. 2004) provided low (R = 60 − 130)
and moderate (R = 600) resolution spectroscopic capabilities from 5.2 µm to 38 µm;
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3. MIPS (the Multiband Imaging Photometer for Spitzer, Rieke et al. 2004) provided
imaging at 24 µm, 70 µm, and 160 µm and low-resolution spectroscopy between 55
µm and 95 µm.

All three instruments used liquid helium for cooling the sensors. Once the helium was
exhausted, only the two shorter wavelengths in the IRAC instrument were used in the
“warm mission”.

Tinetti et al. (2007) find that the wavelength-dependent variations in the transit depth
of the hot-Jupiter HD 189733 b at the infrared wavelengths 3.6 µm, 5.8 µm (Beaulieu et al.
2008) and 8 µm (Knutson et al. 2007) are mainly due to absorption by water vapour.

Burrows et al. (2008) present theoretical atmosphere, spectral, and light-curve models
for extrasolar giant planets observed with Spitzer, both in emission and in transmission
spectroscopy. The emergent spectra of these hot Jupiters were predicted to be shaped
by water vapor absorption. Spitzer’s eclipse photometry using IRAC (Charbonneau et al.
2008) and spectroscopy using IRS (Grillmair et al. 2008) confirmed models for the hot
Jupiter HD 189733 b.
The HD 189733 b spectrum clearly exhibits water vapor absorption, consistent with an
atmosphere whose temperature decreases with height. However, IRAC photometry also in-
dicated that the hot Jupiter HD 209458 b required water vapor in emission (Knutson et al.
2008), requiring that temperature rises with height (temperature inversion). Subsequently,
many papers discussed possible temperature inversions in hot Jupiters based on Spitzer’s
secondary eclipse photometry, and it was hypothesized that inversions were caused by an
absorbing species that was destroyed by the UV (ultraviolet) radiation from stellar activity
(Knutson et al. 2010), so that planets orbiting active stars did not exhibit temperature
inversions. However, methods to acquire and analyze IRAC photometry have improved
with time, and the most recent observations and analysis of the archetype inverted at-
mosphere (HD 209458 b) show no evidence of the inversion phenomenon (Diamond-Lowe
et al. 2014). The lack of a temperature inversion in HD 209458 b was confirmed using a
higher resolution study with the Hubble Space Telescope by Line et al. (2016).

Recently, more sophisticated phase-resolved emission spectroscopy (Stevenson et al.
2014) has been performed in order to obtain the planet’s emission spectrum as function
of its orbital phase and to map the spatial changes in the temperature-pressure profile.
This kind of study may be useful to better characterise the day-night variations in the
atmospheric structure and composition, and weather patterns.

Although temperature inversions based solely on Spitzer photometry are now deemed
to be suspect, the temperature inversion phenomenon is likely to be real and very relevant
to understanding the energetics of hot Jupiter atmospheres. Unequivocal evidence for a
temperature inversion will require measuring a molecular band in emission as opposed to
absorption, using spectroscopy to resolve the band shape. That cannot be done by Spitzer,
since IRS spectroscopy ended with the cryogenic phase of the mission.
Arguably Spitzer’s greatest achievement in the study of hot Jupiter atmospheres has been
measurements of their thermal emission using continuous observations over a large fraction
of an orbit, the so-called “phase curve”. Spitzer is uniquely able to measure phase curves
due to its continuous observing and sensitivity to thermal infrared wavelengths. The first
phase curve observation of HD 189733 b was reported by Knutson et al. (2007), and it
is shown in Fig. 1.6. Spitzer has observed about a dozen phase curves of hot Jupiters
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(e.g., Knutson et al. 2007; Wong et al. 2016). Beyond hot Jupiter phase curves, Spitzer
has also measured the phase curve of the hot super-Earth 55 Cnc e (Demory et al. 2016).
Seager et al. (2009) pointed out that the infrared phase curve of a hot super-Earth could
in principle be interpreted to indicate the presence of an atmosphere.

Figure 1.6: Phase curve of the thermal emission of the hot Jupiter HD 189733 b, as
measured using Spitzer’s IRAC instrument at 8 µm, taken from Knutson et al. (2007).
The top panel shows the transit near orbital phase 0 and the secondary eclipse at orbital
phase 0.5. Note the high SNR on the secondary eclipse. The bottom panel shows the same
data on an expanded flux scale. Note the increase in flux approaching secondary eclipse,
as the star facing hemisphere of the planet turns to face the Earth.

In addition to the temperature structure of transiting hot Jupiter atmospheres, Spitzer
observations can in principle constrain the composition of those atmospheres. An advan-
tage of using Spitzer for atmospheric composition is that it allows sensitivity to carbon-
containing molecules (principally methane and carbon monoxide). The best way method
to exploit Spitzer for composition would use spectroscopic observations, but only two hot
Jupiters were amenable to observations using IRS. Instead, investigators have tried to
constrain the composition of hot Jupiter atmospheres based largely on IRAC photometry.
One prominent example is Madhusudhan et al. (2011) who concluded that the atmosphere
of WASP-12 b had a carbon-to-oxygen ratio (C/O) exceeding unity.

Indeed, Hansen et al. (2014) argue that molecular detections in individual planets are
not possible using Spitzer photometry because the required photometric precision and ac-
curacy is too high to be achieved in practice. However, a promising observational approach
to derive hot Jupiter compositions using Spitzer photometry is to apply color diagrams to

13



secondary eclipse data, as done by Beatty et al. (2014), Triaud (2014) and Triaud et al.
(2014).

Although most characterization work on transiting exoplanets has used secondary
eclipses and phase curves, primary eclipse observations are also possible with Spitzer.
The first Spitzer transit was reported by Richardson et al. (2006) using MIPS at 24 µm.
Stellar limb darkening is much reduced in the infrared, so Spitzer’s infrared transits are
very similar to inverted top hats. That minimal effect of stellar limb darkening can in
principle lead to more accurate transit radii, with less model dependence. Molecular de-
tection using Spitzer transits will probably require a statistical analysis (see Hansen et al.
2014), similar to the eclipse analysis of multiple planets by Beatty et al. (2014). The
most recent application of Spitzer transits is synergistic with transit spectroscopy using
the WFC3 instrument on HST.

Additionally, Spitzer played a role in new detections. For instance, it has confirmed
the discovery of HD 219134 b (Motalebi et al. 2015) in 2015, a rocky planet about 1.5
times as large as Earth in a three-day orbit around its star.

1.2.2 HST - The Hubble Space Telescope

The Hubble Space Telescope (HST) was the first of NASA’s Great Observatories launched
in April, 1990, and it is currently still in orbit. Hubble has a low-Earth orbit at 569 km
above Earth, taking only 97 minutes to complete one full orbit. The scientific objects of
HST can be summarized in three projects: 1) a study of the nearby intergalactic medium
using quasar absorption lines to determine the properties of the intergalactic medium
and the gaseous content of galaxies and groups of galaxies (Bahcall et al. 1993); 2) a
medium deep survey using the Wide Field Camera to take data whenever one of the other
instruments was being used (Ostrander et al. 1998) and 3) a project to determine the
Hubble constant within ten percent by reducing the errors, both external and internal, in
the calibration of the distance scale (Cook 2011).
Hubble today has six instruments:

1. NICMOS (Near-Infrared Camera & Multi-object Spectrometer);

2. ACS (Advance Camera for Surveys);

3. WFC3 (Wide Field Camera 3);

4. COS (Cosmic Origins Spectrograph);

5. STIS (Space Telescope Imaging Spectrograph);

6. FGS (Fine Guiding Sensors).

Hubble gave an important contribution for the observation of the atmospheres of the
extrasolar planets and it also was the first telescope to detect an exoplanet’s atmosphere in
HD 209458 b (Charbonneau et al. 2002) with the “transmission spectroscopy”technique,
by detecting the signatures of sodium in the planet’s atmosphere with STIS in the visual
range. However, this detection is now contested from the analysis of observations con-
ducted with the high-resolution spectrograph ESPRESSO (Casasayas-Barris et al. 2021).
Using the HST/ACS, Pont et al. (2008) first detected haze in the atmosphere of the hot
Jupiter HD 189733 b.
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Studies with the Hubble and Spitzer space telescopes and with other ground-based fa-
cilities, probed the near- and mid-infrared wavelength ranges which encompass well-
characterised roto-vibrational signatures for neutral molecular species of interest for exo-
planet atmospheres, such as H2, O, CH4, NH3 , CO2, CO and various hydrocarbons. In
this spectral window, lower resolutions can be used to detect such signals as their features
are broader compared to the narrow signatures of alkali metals in the visual range that
required medium- and high- resolution spectroscopy.

The detection of H2O in hot Jupiters has been the main subject of many subsequent
studies since water has a strong spectral band at 1.4 µm and it is ideally placed for HST’s
instrumentation: Deming et al. (2013) and Mandell et al. (2013) published the detection
of H2O in five hot Jupiters using a variety of instruments, including the HST/WFC3. The
water content of hot Jupiters has been found to be highly variable by Sing et al. (2016),
finding a range of water abundances in a series of primary eclipse spectra of 10 hot Jupiters.

Recently a number of flat infrared transmission spectra have been obtained, e.g. for
the super Earth GJ 1214b (Kreidberg et al. 2014b) and the warm Neptune GJ 436 b
(Knutson et al. 2014), many of which have been observed with the HST/WFC3 infrared
instrument. Such flat transmission spectra indicate either heavy molecular species in the
planet’s atmosphere, with reduced spectral amplitude, or possibly the presence of high
altitude clouds or hazes that truncate spectral features.

Swain et al. (2008) detected an organic molecule (CH4) on the planet HD 189733 b with
the HST/NICMOS. Crouzet et al. (2012) studied the near-infrared transit spectroscopy of
XO-2 b obtained with HST/NICMOS and showed that the derived transmission spectrum
can be represented by a theoretical model including atmospheric water vapor.

McCullough et al. (2014) analyzed the near-infrared transmission spectroscopy of the
gas giant planet HD 189733 b with HST/WFC3 with its G141 grism covering the range
1.1-1.7 µm, finding the local maxima of the transit depths at the 1.15 µm and at 1.4 µm,
where water vapor features are (see Fig. 1.7).

Figure 1.7: Transmission spectrum of HD 189733 b with HST/WFC3 (blue scatter plot)
compared to a theoretical model of a clear planetary atmosphere of solar composition
(black continuous line). Figure from McCullough et al. (2014).

Kreidberg et al. (2015) studied the near-infrared transmission spectrum of WASP-12
b based on six transit observations with the HST/WFC3, thus finding strong evidence for
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water absorption bands and a carbon-rich atmosphere composition (C/O>1), in contrast
with found by Madhusudhan et al. (2011) with the Spitzer/IRAC photometry.

HST/NICMOS was also used to detect H2O, CH4 and CO2 in the secondary eclipse
spectra of HD 209458 b (Swain et al. 2009).

More than 30 years after launch, Hubble continues to investigate the atmospheres of
transiting exoplanets (Edwards et al. 2021; Tsiaras et al. 2018), and remains one of the
most valuable and successful windows on the cosmos.

Many space-based instruments on Hubble and Spitzer have been used to obtain both
transmission and emission spectra (see, e.g., Ducrot et al. 2018), but the wavelength
ranges of individual instruments are very limited (e.g. 1.1-1.7 µm on the HST/WFC3
IR instrument with the G141 grism), or consist of a few photometric points (e.g. Spitzer
MIPS, IRS and IRAC). In many cases, the instrumental effects are not completely removed
and, if the measurements are taken far a part time, there could be distortions in the
transmission spectrum of the exoplanet due to a different level of the stellar activity. For
this reason, in the last decades, efforts have been made to propose space-based instruments
that observe in a broad-band and that can offer simultaneous observations, e.g. JWST
and Ariel, that will be described in details in the following paragraph.

1.2.3 JWST

The James Webb Space Telescope (JWST) is providing a wider wavelength coverage from
0.6-28 µm (Beichman et al. 2014) using a combination of instruments all capable of transit
spectroscopy (even if not simultaneously): NIRSpec (Near Infrared Spectrograph, 0.7-5
µm), NIRISS (Near Infrared Imager and Slitless Spectrograph, 0.6-2.5 µm), NIRCam (Near
Infrared Camera, 0.7-5 µm) and MIRI (Mid-Infrared Instrument, 5-28 µm). JWST was
launched on the 25th december 2021, and, before launch, the telescope was expected to
last for five years. However, NASA has said fuel is available for a ten year mission and
perhaps longer. Fig. 1.8 shows a representative image of the JWST spacecraft.

Figure 1.8: Artist representation of the JWST satellite. Figure from https://www.nasa.

gov/.

The observatory was first planned before any exoplanets had been discovered and it was
for a long time not an exoplanet mission at all. But as the number of exoplanets began to
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really grow after 2 000, capabilities were added to provide some exoplanets’ observations;
and since the JWST mirror is so much larger than any other before it, those capabilities
came with much higher resolution. Now one of the main goals of the JWST is to determine
the physical and chemical properties of planetary systems, to detect particular molecules
in the atmospheres of planets that transit in front of their host stars, and to investigate
the potential for the origins of life in those systems. JWST is uniquely primed to solve
these mysteries given the combination of its high-resolution observing modes, imaging,
spectroscopy (including transit spectroscopy) and coronographic capabilities, and superb
near and mid-IR sensitivity.

The targets of the program are mainly hot Jupiter planets, and all have been pretty
well studied previously from the ground and from space. Hot Jupiters are large and
move quickly around their host stars, making them relatively easy to be observed. In
addition, their hot atmospheres make them easier to study in terms of their chemical
make-up. There are many observations planned of the seven rocky planets orbiting the
nearby TRAPPIST-1 star, several of which are the so-called “habitable zone”. Together
with Ariel, JWST will greatly expand the database of atmospheric spectra addressing the
big questions about the formation, the evolution and the diversity of exoplanets.

1.2.4 Ariel space telescope

The Atmospheric Remote-sensing Infrared Exoplanet Large-survey (Ariel, Tinetti et al.
2016) is a space telescope that has been selected as the fourth Medium Class Mission of
the Cosmic Vision program of the European Space Agency (ESA). During its 4-years mis-
sion, Ariel will survey a diverse sample of about 1 000 known transiting extrasolar planets
ranging from Jupiters and Neptunes down to super-Earth size orbiting different types of
stars, by using simultaneously three photometric bands in the visible/near infrared (0.50-
1.10 µm) and three spectroscopic channels in the infrared (1.10-7.80 µm). It is the first
mission dedicated to measuring the chemical composition, thermal structures and scat-
tering properties of the atmospheres of these planets, thus providing the first large-scale
survey of the chemistry of exoplanetay atmospheres. Ariel will enable a statistical analysis
of the physical/chemical properties of a robust sample of transiting planets, but it will
focus on warm and hot planets in orbits close to their star (ESA/SCI(2020)1), through
transit, eclipse, and phase-curve observations (see, e.g., Tinetti et al. 2013 or Sec. 1.1 for a
complete description of these techniques), aimed at answering the fundamental questions
about how planetary systems form and evolve. Part of the description of the Ariel Mission
is literally taken from the Ariel Red Book (ESA/SCI(2020)1).

The Ariel mission is being developed by a consortium of various European institutions
from members states of the ESA, and international contributors. The project is led by the
principal investigator Giovanna Tinetti of the University College London, and Giuseppina
Micela, supervisor of this PhD thesis, is among the Italian co-principal investigators of the
mission. Ariel was adopted by ESA during the Agency’s Science Programme Committee
meeting7 on the 12th of November, 2020, thus paving the way towards its building. Ariel
is planned to be launched from Kourou, French Guiana, on board an Ariane 6.2 in 2029.
It will operate from an orbit around the second Sun-Earth Lagrange point, L2, 1.5 million

7https://www.esa.int/Science_Exploration/Space_Science/Ariel_moves_from_blueprint_to_

reality
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km directly behind the Earth as viewed from the Sun, on an initial four-years mission.
Fig. 1.9 is an illustrative representation of Ariel exoplanet spacecraft.

Figure 1.9: Artist impression of ESA’s Ariel exoplanet satellite. Figure from
ESA/SCI(2020)1.

In order to fulfil the science requirements, Ariel has been specifically designed to have
a stable payload and satellite platform optimised to provide a broad, instantaneous wave-
length coverage to detect many molecular species, probe the thermal structure, iden-
tify/characterize clouds and monitor the stellar activity. The Ariel wavelength range is
0.50-7.8 µm and it covers all the expected major atmospheric gases from, e.g., H2O, CO2,
CH4, NH3, HCN, H2S, through to the more exotic metallic compounds, such as TiO, VO,
and condensed species (see Fig. 1.10). Fig. 1.10 shows the molecular bands of these
species at a resolving power8 of R=300. Since the molecular bands are very broad in the
infrared, lower resolutions will suffice for Ariel.

8The resolving power R is the capability of a spectrograph to resolve two different wavelengths in the
spectrum. R = λ

∆λ
where ∆λ is the smallest difference in wavelengths that can be distinguished at a

wavelength λ.
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Figure 1.10: Molecular signatures in the 1-8 µm range at a constant resolving power R =
300 (Chubb et al. 2020, Tinetti et al. 2013). The opacity strengths is normalised to help
the comparison. Figure taken from ESA/SCI(2020)1.

1.2.4.1 Ariel instruments

The baseline telescope design is an afocal unobscured off-axis Cassegrain telescope, i.e. a
combination of a primary concave mirror M1 and a secondary convex mirror M2, with a
recollimating off-axis parabolic tertiary mirror. The M1 aperture is an ellipse with axes
dimensions of 1100 mm × 730 mm. A series of further mirrors and dichroics direct the
incoming beam of light from the exoplanet target host star towards the two main instru-
ments of Ariel: the Fine Guidance System (FGS) and the Ariel InfraRed Spectrometer
(AIRS).

The main task of the FGS is to ensure the centering, focusing and guiding of the
satellite, but it will also provide high precision photometry of the targets in the visible
and additionally a low-resolution near-IR spectrometer. The term “FGS instrument”is
used to refer to this combined functionality of both guidance and science channels. The
FGS provides the following bands:

• VISPhot (Visible Photometer): 0.50-0.60 µm;
• FGS-1: 0.60-0.80 µm;
• FGS-2: 0.80-1.10 µm;
• NIRSpec: 1.10-1.95 µm.

The first three channels are photometers, the latter is a spectrometer with R ≤ 15. Their
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combination will improve Ariel’s capabilities to characterise clouds and hazes in the atmo-
spheres of exoplanets, to measure the planetary albedo9, to detect the Rayleigh scattering
on planets’ transmission spectra, as well as to monitor and mitigate the effects of stellar
variability (Cracchiolo et al. 2021a,b; Rosich et al. 2020; Sarkar et al. 2018, Chs. 2, 3 of
this thesis).

AIRS is the Ariel scientific instrument providing low-resolution spectroscopy in two IR
channels:

• Channel 0 (CH0): 1.95-3.90 µm;
• Channel 1 (CH1): 3.90-7.80 µm.

The near infrared and infrared range corresponding to these two channels will allow the
detection of the molecular species in the planet’s atmosphere at high accuracy/precision
(e.g. Changeat et al. 2019, 2020; Min et al. 2020; Mugnai et al. 2020). In fact, in the in-
frared the molecular bands are more intense and broader than in the visible (Tinetti et al.
2013), less perturbed by small particle clouds and less affected by stellar activity, and are
hence easier to detect. The infrared range will offer also the possibility of exploring the
vertical and horizontal thermal structure of the planet’s atmosphere (e.g. Line et al. 2016;
Majeau et al. 2012). Tab. 1.2 shows a brief summary of Ariel photometric and spectral
channels, their wavelength coverages and resolutions.

Ariel will therefore be a mixture of photometric and low-resolution spectral channels
and, in particular, will provide simultaneous observations in a broad wavelength cover-
age. In this work the term “spectrum”will be referred to the set of flux values collected
simultaneously in the photometric channels and in the low-resolution spectral channels.

1.2.4.2 Ariel tiering approach

The primary science goals of the mission require atmospheric spectra or photometric light
curves of a large and diverse sample of known exoplanets covering a wide range of masses,
densities, equilibrium temperatures, orbital properties and host stars. In order to max-
imize the science return of Ariel and take full advantage of its unique characteristics, a
four-tiered approach has been formulated, in which observations are analysed by binning
the raw spectra in bins of different widths, such that the desired SNR on the planet’s
atmosphere, appropriate for each tier, is reached.

Ariel Tier 1 will analyse 1 000 exoplanets to address science questions for which a large
population of objects needs to be observed. A large number of objects needs to be analysed
to fully appreciate the underlying properties of the planetary population. Tier 1 mode is
useful for discriminating between planets that are likely to have a clear atmosphere, versus
those that are so cloudy that no molecular absorption features are visible in transmission.
Extremely cloudy planets may be identified simply from low-resolution observations over
a broad wavelength range (Mugnai et al. 2021; Zellem et al. 2019). Furthermore, Tier 1
observations will help to understand what fraction of small planets (with radius smaller
than 3.5R⊕) still retain molecular hydrogen. More specifically, understanding whether
the atmosphere is still primordial (i.e., H/He-rich, possibly thick) or more evolved (i.e.,
richer in heavier elements, thin or completely absent) may constrain formation (formed
in situ or remnants of more massive bodies which have migrated to closer orbits) and

9The albedo is the fraction of stellar radiation reflected by the planet, measured on a scale from 0 (black
body absorbing all the incident radiation) to 1 (body reflecting all the incident radiation).
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evolution scenarios (e.g. see Fulton et al. 2018). Ariel Tier 1 observations will also enalble
a preliminary classification through colour-colour diagrams (Dransfield et al. 2020; Triaud
2014; Triaud et al. 2014) and may provide the albedo of the planet, thereby allowing to
estimate the planetary energy balance and to understand if the planet has an internal
heat source or not (Parmentier et al. 2016). Tier 1 is created to deliver a reconnaissance
survey, in which all planets are first observed at low spectral resolution, and only a subset
of Tier 1 planets will be further observed at higher spectral resolutions to reach higher
spectral resolution and SNR (Tier 2, Tier 3).

Tier 2 spectroscopic observations will be crucial for uncovering the atmospheric struc-
ture and the chemical composition, as well as to search for potential correlations between
atmospheric chemistry and basic parameters such as planetary radius, density, temper-
ature, stellar type and metallicity. This work will focus on simulations of Ariel transit
observations at Tier 2 resolutions, as they provide low-resolution spectra capable of both
correcting for the effects of stellar activity and detecting the molecular bands of the main
molecular species in the planet’s transmission spectrum.

Tier 3 observations will focus in particular on the study of the variability through
time of the exoplanets’ atmospheres. These observations will be devoted to the very “best
targets”, i.e. planets for which the maximum Ariel spectral resolving power and a SNR
> 7 on the planet’s spectrum can be reached in one or two transit/eclipse observations.
Repeated observations through time of the same target will cast light on the temporal
variability of the exo-atmospheres due to variations in the clouds coverage or patterns in
the global circulation (Cho et al. 2015; Fromang et al. 2016; Komacek et al. 2019; Par-
mentier et al. 2013; Rogers 2017). Ariel Tier 3 observations will identify variations in the
thermal vertical and horizontal structure through time and will provide critical insight into
the complex circulation patterns of these exotic atmospheres. By combining all the obser-
vations obtained through time for a Tier 3 planet, unprecedented SNR will be achieved,
enabling an extremely detailed study of the atmospheric chemistry and dynamics.

The Tier 4 observations will be devoted to a very small sample of exoplanets, and
they will provide phase-curve observations, extremly useful to understand the evolution
of atmospheric metallicity with planetary mass. They will also reveal any presence of
atmospheres on rocky planets from the heat redistribution (Kreidberg et al. 2019), thus
providing a test for models of atmospheric escape.

Tab. 1.2 shows the resolving power of the Ariel spectral channels, for each Tier. Tier
3 and Tier 4 share the same resolutions, they only differ for the required SNR on the
planet’s spectrum: Tier 3 requires a SNR >7, while a SNR >10 is necessary for Tier 4.

1.2.4.3 Data level products

Ariel data will be spread out among the consortium members in level products represent-
ing different steps of the data processing pipeline, from the consolidated raw telemetry,
received from the spacecraft, to the single, fully-calibrated exoplanet spectrum for each of
the observed targets (Pearson et al. 2021). The data level products for Ariel are:

• Level 0: raw telemetry;
• Level 1: raw spectral cubes of frames, i.e. formatted cubes of raw spectral detector

images of all frames for each observation;
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Table 1.2: Summary of the Ariel photometric and spectral channels, with their spectral
coverages and resolving power, for each Tier.

Instrument Channnel Wavelength range Resolving power (R)

Tier 1 Tier 2 Tier 3/4

FGS

VISPhot 0.50-0.60 µm 1 1 1
FGS1 0.60-0.80 µm 1 1 1
FGS2 0.80-1.10 µm 1 1 1

NIRSpec 1.10-1.95 µm ∼ 1 ∼ 10 ∼ 15

AIRS
CH0 1.95-3.90 µm ∼ 3 ∼ 50 ∼ 100
CH1 3.90-7.80 µm ∼ 1 ∼ 15 ∼ 30

• Level 2: spectra of star+planet converted to physical units as a function of time,
with all instrument signatures removed using the appropriate calibrations (e.g. de-
trended, flat-fielded, de-glitched, scattered light corrected, etc.);

• Level 3: individual spectra for each selected planet (final core science product).

Level 1 provides a valuable product for the scientific community user who prefers to
process and calibrate the raw data with external tools and methods than those imple-
mented in the pipeline processing. The Level 2 science data products already are most
important to the exoplanet community to derive their science, not necessarily following
the Ariel consortium selected procedure and tools to extract the final planet spectra (e.g.
the Level 3 product).

In this work primary eclipse observations of some of Ariel targets of transiting exo-
planets will be simulated, by reproducing spectra of the system “star+planet”over time
at Level 2, i.e. assuming that the simulated data have already been corrected for any
instrumental effect and sky background. The next Section describes the software used to
simulate transits at Ariel resolutions: ArielRad.

1.2.4.4 Ariel Radiometric model

The Ariel Radiometric Model (ArielRad, Mugnai et al. 2020) is a software simulator de-
veloped to address the challenges in optimising the space mission science payload and
to demonstrate its compliance with the mission requirements. ArielRad estimates the ex-
pected photometric and spectral experimental uncertainties on the light curve detection for
transits, eclipses, or at a generic planetary phase, for each candidate Ariel target. To this
purpose, ArielRad implements a physically motivated noise model which is parameterized
by using the current best knowledge of the instruments’ parameters. ArielRad estimates
the contributions to the noise model arising from stationary processes, but does not es-
timate the correlated and time-dependent noise sources. Adequate margins are included
in line with ESA requirements. ArielRad has been extensively validated against existing
instrument models such as ExoSim (the Exoplanet Observation Simulator, Sarkar et al.
2021) and the radiometric model developed by ESA to support previous Ariel activities
(Puig et al. 2015) and has shown that the measurement uncertainties in Ariel observations
will be dominated by the photon statistic.

ArielRad reads as input a stellar spectrum among those available in the BT-Settl mod-
els10 (Baraffe et al. 2015), a grid of high-resolution stellar spectra of stellar atmospheres

10https://phoenix.ens-lyon.fr/Grids/BT-Settl/
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where each spectrum corresponds to a specific effective temperature, surface gravity and
metallicity11. In this grid, the effective temperature in the BT-Settl grid spans the 1200-
7000 K interval, the logarithm of the surface gravity log10(g), with g in units of cm/s2,
ranges in the interval [2.5-5.5], while the stellar metallicity [M/H] is set to the solar abun-
dances. Given a target star with an assigned temperature T∗, radius R∗ and mass M∗,
ArielRad selects the Phoenix spectrum that refers to the source with the most similar
temperature, surface gravity and metallicity. The Spectral Energy Distribution (SED) of
the target star at the telescope input is evaluated as:

S(λk) =
1

λk − λk−1

(
R∗
D

)2 ∫ λk

λk−1

SPh(λ) dλ (1.6)

where λk = (1 + 1
6000)kλmin is a logarithmic spaced wavelength grid, determined

starting from the sample spectral resolution of R=6 000 and the minimum wavelength
λmin = 0.45 µm. This binning reduces the spectral resolution of the input spectra for
computational efficiency, while preserving the total power. In Eq. (1.6), R∗ is the target
star radius, D is its distance and SPh the input Phoenix spectrum. The physical units of
S(λk) are those of a spectral energy distribution, i.e. W/m2.

The payload is modelled using the current best estimates from the instrument sys-
tem engineers. The optics transmission ΦY (λ), where Y is one of VISPhot, FGS1, FGS2,
NIRSpec, AIRS-CH0 or AIRS-CH1, is obtained by simulating the light path from the
telescope to the detectors through the optics. The detector Quantum Efficiency QEY (λ),
i.e. its ability to convert the number of photons of a given energy incident into an electric
signal, is also dependent on wavelength and defined for each channel. The Photon Con-
version Efficiency (PCE) is the product between the optics transmission and the detector
quantum efficiency and it is shown in Fig. 1.11. The lower PCE observed in VISPhot
and FGS1 with respect to FGS2 and NIRSpec is caused by a lower detector QE at short
wavelengths, while a similar PCE reduction at AIRS wavelengths is mainly a consequence
of the refractive materials used for the optics in the mid-infrared.

Figure 1.11: Total photon conversion efficiency, ΦY (λ) ·QEY (λ), as used in ArielRad.

11The stellar metallicity is intended as the logarithm of the ratio between the star’s iron abundance and
the Sun’s iron abundance and it is calculated as [Fe/H] = log10(NFe

NH
)star− log10(NFe

NH
)Sun, being NFe and

NH the number of iron and hydrogen atoms per unit of volume, respectively.
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The Point Spread Functions12 (PSF) are estimated as a function of the wavelength
using external software and included, allowing for wavelength interpolations (see Mugnai
et al. 2020 for a more detailed description).

The signal SY (λs) from a given target of star, simulated for each channel Y at wave-
length λs (centroid of each photometric band or of each spectral bin), takes into account
for the telescope effective collecting area, the PSF, the PCE and the SED. Other contri-
butions to this signal are: the Zodiacal light, a faint diffuse white glow that extends from
the Sun’s direction and along the Zodiac, straddling the ecliptic, and the Inner Sanctum
contribution, that originates from the emission of the detector enclosures. The simulated
signal SY (λs) has a physical unit of counts (electrons) per second.

ArielRad simulates the noise for each photometer and spectral bin from the signal
estimate. In a real instrument, noise sources act at every stage of the detection chain and
can be stationary and non-stationary. ArielRad estimates the contributions of noise com-
ponents that are stationary random processes, such as Poisson noise and detector noise,
but it also includes jitter noise and margins for other noise contributions.

The Poisson noise variance includes all the photon noise contributions: target source,
zodiacal background, inner sanctum and instrument emission. The detector noise variance
is the sum of three contributions: read noise, gain noise and dark current. The read and
gain noise are a combination of system noise components inherent to the process of con-
verting the incident photons into an electric signal for its quantification; the dark current is
the relatively small electric current that flows through the photosensitive devices. Pointing
drifts and jitter of the line-of-sight manifest themselves in the observed data product via
two mechanisms: 1) the drifting of the spectrum along the spectral dispersion axis of the
detector; 2) the drift of the spectrum along the cross-dispersion (spatial) direction. The
effect of jitter on the observed time series is the introduction of noise correlated in time,
that Ariel cannot simulate. For this reason, ArielRad does not model the complexity of
the jitter noise effect and imports jitter noise models from ExoSim simulations.

The variance σY,1h(λs) of ArielRad output noise is the sum of all the previous contri-
butions and is integrated over 1 h of observation relative to the target signal SY (λs). The
relative noise achieved during one observation is (see equation (17) of Mugnai et al. 2020):

σ2
Y,texp(λs) =

σ2
Y,1h(λs)

texp
+ p2

0 (1.7)

where texp is the exposure time of the observation expressed in hours, and p0 is the payload
noise floor, i.e. the lowest possible signal level that Ariel may measure. Ariel noise floor
is conservatively set to 20 ppm.
Since ArielRad has undergone changes in its development phase, different versions of
ArielRad will be used in this work (version 1.5r14 in Ch. 2, and version 1.7r8 in Ch.3).

1.2.4.5 Ariel target list

Ariel will study a large population of planets already discovered by other facilities. In
particular, it will focus on hundreds of warm/hot gaseous objects (Jupiters, Saturns,

12The point spread function describes the light distribution of a point source at the focal plane of an
imaging system.
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Neptunes) and of super-Earths/sub-Neptunes around bright stars of all types. ArielRad
(Mugnai et al. 2020) has been developed to provide a comprehensive model of the in-
strument performance and ArielRad provides systematic noise on a case by case basis.
Edwards et al. (2019) created a list of potential planets candidates to be observed by
Ariel, based on the expected performance predicted with ArielRad. The authors used a
catalogue of exoplanets from the NASA’s Exoplanet Archive13 in order to account for all
the confirmed planets before filtering them and including only transiting exoplanets, and
have assumed that the selected planets have primordial atmospheres, i.e. made of H2 and
He, with a mean molecular mass µ = 2.3u14. The planets expected by TESS (Transiting
Exoplanet Survey Satellite, Ricker et al. 2015) were also added to their study. From the
noise model created by ArielRad, the authors identified the planets with atmospheric sig-
nals which could be characterized by Ariel, and they cut down their catalogue to those
for which a SNR≤7 could be achieved on the planet’s atmosphere within a reasonable
number of transits or eclipses. For Tier 1, they have found that ∼ 2 000 of these potential
exoplanets satisfy the the science requirements of Ariel within five observations or less, far
more than the 1 000 that will make up the mission reference sample. Being oversaturated
in the number of possible targets is useful as it allows for redundancy in the scheduling
of observations and it means there is a large catalog of planets to draw from to allow for
a diverse sample to be observed. Additionally, 1 000 planets have been found to be po-
tentially observable targets in Tier 2 and Fig. 1.12 details the distribution of the number
of transit/eclipse observations required for these planets, as well as those in Tier 1, for
planets with different radii. In their work, they assume that the planetary radius Rp for
Earths and super-Earths Rp < 1.8R⊕; for Sub-Neptunes 1.8R⊕ < Rp < 3.5R⊕; for Nep-
tune sized planets 3.5R⊕ < Rp < 6R⊕; for Jupiters 6R⊕ < Rp < 16R⊕ and for Massive
Jupiters Rp > 16R⊕. In Fig. 1.12 it is possible to see that the number of observable
Jupiters (Rp > 7R⊕) is approaching saturation at five observations while the number of
suitable smaller planets is rising with increased observations. A table of the currently
known exoplanets that are suitable for study with Ariel is included in the Appendix of
their work. The candidates reference sample is regularly updated to take into account the
most recent discoveries. In this thesis, the Edwards et al. (2019)’s sample will be used as
reference. In particular, in Chs. 2 and 3, I will select three representative combinations
of stars+planets from the catalogue of Edwards et al. (2019) and for each of them I will
simulate primary eclipse observations in the presence of spots at Tier 2 resolutions, by
using the numbers of observations per target that Edwards et al. (2019) estimated and
required to have a SNR ≤7 on the atmospheres of these planets.

Figure 1.12: Cumulative number of planets that can be observed in Tiers 1 (left) and 2
(right) with a given number of transits or eclipses. Figure from Edwards et al. (2019).

13https://exoplanetarchive.ipac.caltech.edu/
14The dalton u, or atomic mass unit, is a unit of mass defined as 1
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of the mass of an unbound neutral
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1.3 Stellar contamination on transmission photometry and
low-resolution spectroscopy

Stellar activity is the major issue in exoplanet transmission spectroscopy, on both low-
and high- resolution observations, and photometry. It represents the main source of astro-
physical noise in the study of transiting extrasolar planets and of their atmospheres. The
hypothesis that justifies the subtraction of the spectra taken in and out-of the transit in
Eq. (1.1) is that the planet occults a portion of the stellar surface that has the same flux of
the average stellar surface, thus reducing the transit to a purely geometrical effect. How-
ever, in active stars, the stellar surface manifests some active regions which can bias the
correct derivation of both stellar and planetary parameters, including convection-related
phenomena, such as granulation and pulsations, and magnetic activity-related phenomena,
such as spots, faculae and flares. The main scientific objective of this thesis is the devel-
opment of strategies to correct and mitigate the effect of stellar activity on the extraction
of a planet transmission spectrum from transit observations, therefore, in this chapter, I
will discuss in details the effect of stellar activity on both photometric transit observations
and low-resolution transmission spectroscopy.

For convective stars such as M-dwarfs and solar-type stars with a convective outer
layer, small-scale inhomogeneities appear as granulation on the photosphere and can be
the cause of variations in the stellar flux. Granulation cell size is of the order of 108 cm
(between approximately 5 × 108 and 0.3 × 108 cm from mid-F to dM stars, Beeck et al.
2013) much smaller than the size of the transiting planets targets of Ariel. Therefore gran-
ulation is not a problem for planetary observations since its effect is averaged on the area
occulted by the planet. This is true also for atmospheres, whose observation is integrated
in a circular annulus having the internal radius larger than the typical scale of granula-
tion. Pulsations are caused by convection currents of plasma within the convection zone
and have timescales of 5-15 minutes; they are not stochastic phenomena, therefore they
may be modeled using the out-of transit observations to correct those made during the
transit. Sarkar et al. (2018) simulated transit observations of GJ 1214 b and HD 209458
b in the presence of pulsations and granulation with ExoSim, quantified their effect on
the derivation of the planet transmission spectrum, and compared it to the photon noise.
In the range 1.95-7.8 µm, stellar pulsation and granulation noise has insignificant impact
compared to photon noise for both targets. In the visual range the contribution increases
significantly but remains small in absolute terms and will have minimal impact on the
transmission spectra of the studied targets, therefore for Ariel the noise contribution from
pulsations and granulation can be compared to the overall noise budget.

Flares are instead stochastic events that may last from few to several minutes, therefore
they may take place on the same timescale as transits. Their occurrence may be monitored
by specific indicators (i.e. Hα emission), though flares are difficult to correct. Star spots
and their effects on exoplanet measurements are the major issue in transit spectroscopy
and photometry. Star spots are features on the stellar surface caused by magnetic activity
that are cooler and darker than the surrounding photosphere. Together with flares and
faculae, spots are among the variety of phenomena associated with stellar magnetic fields.
Plages and faculae are features on the chomosphere and on the photosphere of stars, re-
spectively. They are both closely associated with star spots, but appear brighter than
the photosphere. In this thesis, “plages”and “faculae”are considered synonymous as both
terms are used to describe brighter regions on the stellar surface. Both spots and faculae

26



are thought to be concentrations of magnetic flux tubes that inhibit local convection. The
brightness of individual flux tubes is an inverse function of their size, with faculae having
the smallest tubes compared to spots with the largest ones (Solanki 1999). The fraction
of the stellar disk covered with spots is the so-called “filling factor”and it is different from
the hemispheric “spot coverage”, i.e. the proportion of the stellar surface area covered
with spots. Techniques for studying the filling factors and temperatures of star spots
include light curve modeling, Doppler surface imaging, molecular line modeling (in partic-
ular TiO) and line depth ratios (Berdyugina 2005). Andersen et al. (2015) list a sample
of main-sequence stars ranging from G2V to M4V with measured spot temperatures and
filling factors using a variety of methods. The following values are taken from that paper.
The filling factor for the Sun varies from 0.03-0.3%, which is lower than any other star in
the sample. Among the two other G2V stars in their sample, filling factors vary between
6% and 40% for EK Dra depending on the method used, and a filling factor of 13% is
given for HD 307938. Among K-type stars the range of filling factors is from 5% to 45%,
and from 1% to 60% for M-type stars. Thus a wide range of filling factors have been
reported, which are sensitive to the method used. It may be difficult therefore to define a
“typical”filling factor for any given star type, although in general they appear higher for
M-type stars.

Sunspots are known to consist of darker and cooler central regions called “umbra”with
a surrounding lighter and warmer “penumbra”, however the stellar filling factors reported
in Andersen et al. (2015) consider the total spotted area. In the Sun, the ratio of the
penumbra to umbra area is about 5.5 on average when examining the data in Hathaway
(2013).

The following paragraphs describe in details the effect of stellar spots on transmission
spectroscopy and of the stellar variability due to star spots, with a brief summary of the
main results obtained so far.

1.3.1 Impact of stellar spots on exoplanets’ transit observations

Star spots may affect the exoplanets’ transit observations, and both occulted and unoc-
culted spots have their own specific effects on the retrieval of the transit depth. Spots
have their own spectrum, distinct from that of the unspotted photosphere, with the over-
all stellar spectrum being a weighted sum of the spectrum of the unspotted photosphere
and the spectrum of the spots. The larger the overall spotted area and the stronger the
temperature contrast are, the higher the contamination of the stellar spectrum by the
spots will be. Spots are cooler than the quiet photosphere and they will tend to have a
spectral peak at slightly longer wavelengths, and thus the contribution of the spots will
have a chromatic dependence. A an example, Fig. 1.13 shows two stellar spectra from the
Phoenix library, binned at a spectral resolution R=200, mimicking the emission from a
Sun-like star and from a group of spots 1600 K cooler, in the spectral window from 0.3 µm
to 10 µm. The spectrum of the spot may contain absorption features that do not appear
in the spectrum of the photosphere, e.g. water absorption features have been found in the
spectra of sunspots (Wallace et al. 1995).

27



Figure 1.13: Plot of two spectra from the Phoenix library, at a resolution R=200 and with
solar abundances and gravity. The blue spectrum mimic the photospheric emission of a
Sun-like star, the red one stands for the emission from spots 1600 K cooler. Note that
their difference becomes stronger at shorter wavelengths.

Unocculted and occulted spots can bias the measured transit depth in opposite direc-
tions. In the case of unocculted spots, during the transit the planet blocks a fraction of the
photosphere with an average flux grater than the average brightness of the spotted star,
therefore their contrast ratio will tend to be overestimated if compared to the analogous
ratio in a non-spotted star. For this cases the use of the Eq. (1.1) for the retrieval of
the transit depth may cause an apparent larger transit depth, misinterpreted as a greater
planet radius (see Fig. 1.14). On the contrary, occulted spots will manifest as an upward
“bump”on the primary eclipse light curve (Fig. 1.14), and will have an opposite effect on
the transit depth.

Figure 1.14: Effect of stellar spots on a primary eclipse light curve. Spots not occulted by
the planet produce a deeper transit. Spots occulted by the planet produce flux rises and
a consequent smaller transit depth. Figure from Pont et al. (2013).
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Since the spots and the photosphere have different spectra, the distortion effect due
to the spots is wavelength-dependent, and it is stronger at shorter wavelengths, where the
star-spot contrast increases (see Fig. 1.13). Due to this chromatic dependence, the spots
may distort the entire transmission spectrum of the transiting planet if the SNR is big
enough, and may even mimic a planetary atmosphere even if there is none. Therefore, the
spot effect may have a significant impact on the knowledge of the dependence of the plan-
etary radius on the wavelength, thus hampering the extraction of the final transmission
spectrum of the planetary atmosphere, for both photometric and spectroscopic observa-
tions (Agol et al. 2010; Ballerini et al. 2012; Berta et al. 2011; Czesla et al. 2009; Désert et
al. 2011; Micela 2015; Pont et al. 2008; Scandariato et al. 2015; Sing et al. 2009, 2011a,b).
So the issue is to understand if the apparent radius variation in an observed transit is due
to the presence of molecular species in the planetary atmosphere or to stellar spots whose
effects are also expected to depend on wavelength. As an example, Fig. 1.15 shows the
comparison between the synthetic transmission spectrum of a Jupiter-sized planet transit-
ing in front of a Sun-like star and the extracted transmission spectrum in the presence of
unocculted spots, by assuming for the star a temperature T∗ = 6000 K and for the spot a
temperature 300 K lower and covering a fraction equal to 3% of the projected stellar disk.
The planet transmission spectrum has been simulated with TauREx15 (Tau Retrieval for
Exoplanets, Al-Refaie et al. 2021), while the spot distortion has been simulated with the
spectra from the Phoenix library16 (Baraffe et al. 2015).

Figure 1.15: Transmission spectra of a Jupiter-sized planet orbiting a Sun-like star: the
black line stands for the simulated synthetic spectrum, while the red one is the simulated
spectrum for a spotted star, with unocculted spots, 300 K cooler than the photosphere
and covering a fracion 3% of the stellar disk. The spectral resolution is R=200.

The existence of activity-related “pseudo”-transmission effects is well known and has
been discussed, e.g., in Salz et al. (2018), in the context of high-resolution atomic lines.
They show that stellar activity related pseudo-signals mix with and confuse the planetary
atmospheric absorption signal.

For the case of unocculted spots, the change in the contrast ratio can be estimated
by using black body functions (or models of stellar spectra) representing the star and the

spots spectra. If the contrast ratio in primary eclipse without spots is CR1(λ) = (
Rp
R∗

)2(λ),

15https://github.com/ucl-exoplanets/TauREx3_public
16https://phoenix.ens-lyon.fr/Grids/BT-Settl/
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then the contrast ratio CR2, in the presence of unocculted spots with a filling factor ff ,
is given by:

CR2(λ) = (
Rp
R∗

)2 Bλ(T∗)

(1− ff)Bλ(T∗) + ffBλ(Ts)
(1.8)

where Bλ(T∗) is the surface brightness of the unspotted stellar photosphere at temperature
T∗, and Bλ(Ts) is the surface brightness of the spots at temperature Ts. The second
term on the previous equation therefore gives the ratio of the brightness of the unspotted
star to the spotted star. This term is greater than the unity and it tries to model the
apparent overestimate of the planetary radius due to unocculted spots. By indicating
this term as α(λ) and by assuming no change in R∗(λ), the apparent increase in Rp(λ) is
α(λ)− 1. This is a similar formalism to that seen in many papers including McCullough
et al. (2014), Pont et al. (2013), and Zellem et al. (2017). For instance, by applying the
theoretic model in Eq. (1.8), Zellem et al. (2017) find that for F, G, K, and M-dwarfs
stellar activity changes in the infrared below the precision of most TESS targets or future
JWST observations. McCullough et al. (2014) analyzed the transmission spectrum of HD
189733 b with HST/WFC3 (1.1-1.7 µm), by assuming an active star model dominated by
unocculted starspots. From black-body models, they derive a difference in the relative
planetary radius

Rp
R∗

between the UV and IR wavelengths of about 880 ppm, in contrast
with the observed 1100 ppm. Since this difference cannot be explained neither with models
from Phoenix spectra for the spot and the photosphere, they attribute this discrepancy of
220 ppm to the water absorption in the planet’s atmosphere.

Pont et al. (2013) analyzed observations of HD 189733 b with STIS, ACS and WFC3;
they model the quiet photosphere with the MARCS models of stellar atmospheres (Gustafs-
son et al. 2008), by assuming the solar metallicity, log g = 4.5, T∗ = 5000 K, and they
obtained for the spots a temperature Ts = (4250± 250) K.

A number of methods have been proposed to correct the distortion in the contrast ratio
spectrum due to unocculted spots to the level expected for a spot-free star. These rely on
the reasonable assumption that the spot patterns do not change significantly during the
course of a transit. Typically the flux is monitored in the visible range where variations
are strongest. In the transit observation, the fractional change in flux ∆f(λ) between the
spotted and the unspotted star is estimated through models or inferences from data (since
the peak flux may still have a baseline level of spots). Therefore:

∆f(λ) = ff

(
1− Bλ(Ts)

Bλ(T∗)

)
(1.9)

where ff indicates the spot filling factor. ∆f(λ) is related to the term α(λ) through the
relation ∆f(λ) = 1 − 1/α(λ). Thus at the measured wavelength, the correction can be
applied through the estimation of ∆f(λ) from measurements, by assuming to know the
spectrum of the unspotted star, without recourse to measuring the filling factor or spot
temperature directly. However, when extrapolating to other wavelengths, e.g the infrared,
a spectrum model is needed (e.g. Planck function as below) for both the star and the spots,
and thus an estimate of the star and of the spots’ temperatures is needed. This forms the
basis of the formalism used by Berta et al. (2011) and Sing et al. (2011a) to correct the
transmission spectrum at all wavelengths, including infrared wavelengths, based on the
flux variations in the visible band.

∆d

d
= ∆f(λ0, t)

(
1− Bλ(Ts)

Bλ(T∗)

)
/

(
1− Bλ0(Ts)

Bλ0(T∗)

)
(1.10)
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where ∆d
d = (CR2−CR1)/CR2 at wavelength λ. ∆d

d = 1− 1/α, being 1/α the correction
factor factor that needs to be applied to the measured contrast ratio CR2 .

In order to estimate the transit depth decrease due to spot occultation the numerator
in α(λ) can be changed to (1 − si)Bλ(T∗) + siBλ(Ts), where si is the spot filling factor
referred to the occulted region. si will change over time within the transit, as the planet
transit chord passes over randomly distributed spots of different sizes. For a perfectly
homogenously spotted star, si will equal the filling factor of the unocculted region, and
the two opposing biases due to both occulted and unocculted spots cancel out any changes
to the contrast ratio. This is unlikely in any single real case, but may be approached if
a large number of observations were performed and combined (in the hypothesis that the
spots do not cluster to preferred latitudes or locations). Due to the random nature of si,
it is far more difficult to estimate the impact on the transit depth due to occulted spots
than unocculted spots, and correcting for it is highly challenging.
If the occulted spot is large and the effect clearly observable on the light curve, its effect
may be removed from the data. The simplest method would be to omit the light curve
points showing the spot feature (see, e.g., Sing et al. 2011a). If many transits are avail-
able, simply excluding those that show spot crossings is another option, e.g. 2 transits
were excluded from the “deep field”observations of GJ 1214 b by Kreidberg et al. (2014b).
Some authors argue that if the occulted spot is visible on the transit light curve, it can
be decorrelated out-of the data, and any spots not seen indicate that occulted spots did
not impact the observation (see, e.g., Fraine et al. 2014 for the study of HAT-P-11 b).
However, the effects of many small occulted spots may not be so obvious as to have a
visual impact, and yet may still have a significant cumulative impact on the measurement
of the transit depth; furthermore this approach does not rule out the effect of unocculted
spots. Pont et al. (2013) observing HD 189773 b, attempted to correct for both occulted
and unocculted spots in the infrared Spitzer IRAC 8 µm band (where spot crossings were
not visible) based on flux variations in the visible range, where spots were obvious.

Occulted spot features will be more pronounced at shorter wavelengths. Fraine et
al. (2014) found that spot features were obvious in the visible range Kepler light curve,
somewhat observable at 3.6 µm in the simulataneously measured Spitzer light curve, but
not at all at 4.5 µm. Coupled with the fact that the fraction of photon noise increases
with wavelength, the effects of spots will be more obvious in the visible than in the infrared.

The perturbations of the transit profile due to starspots do not affect only the determi-
nation of the relative radius of the planet Rp/R∗ but also the other geometrical parameters
of the system and the limb darkening coefficients (LDCs). 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 of the planetary radius and of the orbital inclination i keeping fixed the
semi-major axis a of the orbit, the stellar radius R∗, and the LDCs at the values of Alonso
et al. (2008). In this way, they found that the radius of the planet is increased by ∼
3% 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 i 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 tT fixes the inclination
because tT =

√
1− b2Porb/(πa/R∗), where b = a/R∗ cos(i) is the impact parameter and

Porb the orbital period. Since the effects of the spots on the duration of the transit are
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generally small, the inclination is not changed by fitting their unperturbed transit profile.
Therefore, to perform a proper estimate of the systematic effects produced by occulted
and unocculted spots, it is not possible to fix any of the system parameters in fitting the
transit profile.

Faculae in principle will have the opposite effects in transmission photometry and low-
resolution spectroscopy, by reducing the contrast ratio when they are not occulted, and by
increasing it when they are occulted, with a downward “bump”in the transit light curve.
The impact of faculae on the exoplanets’ transit observations has been less well studied.
In the presence of unocculted, the contrast ratio in Eq. (1.8) can be generalized as:

CR2(λ)spot+fac = (
Rp
R∗

)2 Bλ(T∗)

(1− ffs − fffac)Bλ(T∗) + ffsBλ(Ts) + fffacBλ(Tfac)
(1.11)

being ffs and fffac the filling factor of the spots and of the faculae, respectively, Bλ(T∗),
Bλ(Ts), Bλ(Tfac) the spectral emission density from the star, the spots and the faculae,
respectively. Rackham et al. (2018) modeled the contrast ratio due to unocculted spots
and faculae on the transit depth, in the photometric I-band (0.3-5.5 µm) for M-dwarfs
stars, by assuming Ts = 0.86 × T∗; Tfac = T∗ + 100 K. They model the stellar emission
with models of stellar atmospheres in the Phoenix (Baraffe et al. 2015) and Drift-Phoenix
library (Baron et al. 2003), and they derive the contrast ratio CR2(λ)spot+fac, by as-
suming a spot filling factor consistent with a 1% variability amplitude, for different star
active models: 1) giant spots17; 2) solar-like spots (small spots); 3) giant spots and faculae
(fffac/ffs = 10); 4) solar-like spots and faculae. They find that the primary contributor
to the contrast ratio is due to the spots in all cases, except for the case (3), where the
faculae contribution becomes dominant.

Oshagh et al. (2014) examined the impact of both spots and faculae on transmission
spectra using the code SOAP-T which simulates light curves of planets transiting spots or
faculae. 20 cases of Neptune- or Jupiter-sized planets transiting M- or G-type stars with
various spots or faculae filling factors were simulated. They found that facula crossings
could deviate the spectrum by up to 10%, thus mimicking the Rayleigh scattering slopes
of HD 189733 b and GJ 3470 b. However there were some major limitations of this study.
Firstly, no Monte Carlo approach was considered, so that it is possible that the relation-
ships found will vary with random placement of the spots or faculae. The same facula may
have more or less impact on a repeated realization. Secondly, only 10 spots are simulated
in SOAP-T, which may be unrealistic and will not take into account the expected size
distribution. Simulations also appear to consider both the spots’ and the faculae effects
separately, which again is not realistic especially for faculae, which are usually associated
with spots. Finally, very small filling factors are used (.1% for spots, < 6.25% for faculae)
which again may not be realistic for very active stars.

1.3.2 Impact of stellar variability due to spots

A further problem, in the presence of spots, one has to take care of is the variability of
the stellar flux caused by the stellar rotation or by the evolution of spots, on timescale
of weeks/months, or by the stellar magnetic cycles, on a timescale of years. This is a
problem when we need to sum up more transits taken at different epochs. Due to these

17The size of giant spots scale linearly with the variability amplitude.
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phenomena, the observed stellar flux may change according to the spotted area on the
stellar hemisphere exposed to the observer. The observed flux variations may allow for
changes in the filling factor to be followed, but a baseline filling factor may also exist
when observing the peak of the flux in the stellar light curve. Almost all the existing
methods used to filter out these kinds of long-term stellar flux variability are based on
the observations of the flux variations out-of the transits, along time intervals of at least
two or three stellar rotations (e.g., Aigrain et al. 2004; Bonomo et al. 2008, 2009; Moutou
et al. 2005). Typically the flux is monitored in the visible range, where variations induced
by the stellar spots are stronger than in the infrared. The variations in flux caused by this
effect are typically of the order of a few percent in active stars in the visible range. For
example, for the active dK HD 189733, Pont et al. (2013) noted a 1-2% flux reduction in
the visible range due to spots along its ∼ 12 days rotation cycle, which is comparable to
the planet transit depth. A 1% peak-to-peak variation has been noted in the visible range
for GJ 1214 (Berta et al. 2011) which was estimated to produce a 100 ppm change in the
visible range contrast ratio attributable to spots.

As well as the static effects on transmission spectroscopy at a fixed filling factor in
a single transit observation, one has to take care of the variations due to rotation and
changes in the stellar activity that may cause changes in the spots filling factor between
different transit observations. This has the potential to generate different stellar spec-
tra at different times depending on the degree of the spots contamination. If the filling
factor increases between observations, then the star will appear dimmer, and the planet
radius measurements become larger (by considering only the effects of unocculted spots).
Therefore, it may be important to attempt to correctly calibrate for changes in the spots
filling factor when combining or comparing results across epochs, especially if there is clear
evidence that spots effects are present, such as changes in the white light transit depths
between epochs.

Variations in flux in the infrared will be much smaller than in the visible range. From
the 1% peak-to-peak variation in GJ 1214 in the visual range, Berta et al. (2011) calcu-
lated a contrast ratio variation of 40 and 30 ppm in the Spitzer 3.6 and 4.5 µm pass bands
compared to 100 ppm in the visible. It may be the case that the photometric variation
returns a contrast ratio variation due to spots that will be smaller than the precision of
the data. Kreidberg et al. (2015) observing WASP 12 b with the HST/WFC3, assuming
a 0.3% variability in flux caused by spots, found a change in the contrast ratio of 10 ppm
which was below the precision in the final spectrum of about 51 ppm. Micela (2015)
describes another method for correcting variations in stellar spectra in different epochs
due to varying spot contribution. The visible part of the spectrum is projected into space
defined by principal components computed from a grid of spectra. This identifies the spots
temperature and filling factor of the observed spectrum and using the related spotless spec-
trum applies a correction to the complete wavelength range including the infrared. All
the above methods will tend to calibrate the observed stellar spectrum to the “quiet”star
level. If however this calibration is inaccurate and the baseline is not truly spot-free, a
wavelength-dependent bias may remain that could manifest as a slope mimicking, for ex-
ample, the Rayleigh scattering. This has been suggested by McCullough et al. (2014) as
a possible explanation for the slope seen in the visible and near-infrared spectrum of HD
189773 b, originally explained through Rayleigh scattering caused by hydrogen molecules.
They suggest that unocculted star spots may explain most of the slope seen.
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The fact that the spots configuration changes over time is also visible in the different
position and shape of the “bumps”, due to the spot crossings, in transit light curves
observed at different epochs. For instance, Pont et al. (2007) analyzed 3 transits of HD
189733 b with HST/ACS (5500-9500 Å): the first and the second transit exhibit flux
rises compatible with crossings over spots of different size and position on the stellar disk,
named Feature A and Feature B, respectively. The transits are shown in Fig. 1.16. They
model in detail the Feature A and compare the slope due flux rise in 500 Å spectral bins
(divided by the analogous slope in the integrated light curve) with expectation for spot
models, thus finding two possible explanations: the star is dominated by a complex of cool
spots 80 000 km (longitude) × 12 000 km (latitude); a larger spot comparable/wider than
the planet, with ∆T <∼ 100 K.

Figure 1.16: Transit light curves of HD 189733 b with HST/ACS (5500-9500 Å). Top:
flux after external parameter decorrelation as a function of the orbital phase. Bottom:
residuals around the best-fit transit model. Light blue for the first visit, dark blue for the
second and green for the third. Feature A and feature B indicate spot crossing events in
the first and second transit, respectively (see text). Figure from Pont et al. (2007).

Sing et al. (2011a) studied 2 transits of HD 189733 b with the HST/STIS G430L, in 5
bands covering the range 2900 - 5700 Å, with a clear evidence of occulted features. They
fit the transit light curves with a wavelength-dependent radius ratio and, simultaneously,
with a wavelength-dependent factor mimicking the spot amplitude. By assuming for the
unspotted photosphere a temperature of T∗ = 5000 K, and by modeling the emission
from both spots and photosphere with models in the Kurucz database18, they estimated
a temperature Ts = 4250 K for the spots. Therefore, in this case the spots temperature is
found through fitting of models to the shape and wavelength-dependency of occulted spot
features.

However, in some cases, the effects of spot-related variability were assessed to be not

18http://kurucz.harvard.edu/stars/
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significant, as for the case GJ 1214 b (Kreidberg et al. 2014b) which showed consistent
transit depths over all epochs. Zellem et al. (2017) derive the transmission spectrum of GJ
1214 b by averaging 14 transits observed with HST/WFC3; they don’t find any significant
variation in the transit depth derived for GJ 1214 b in the analyzed transits.

1.4 Contents of this thesis

The goal of this thesis is to assess the impact of stellar spots on observations of transiting
planets. I will focus the first part of the thesis on low-resolution transit spectroscopy from
space-based observations, developing a technique to derive the parameters of the spots from
out-of transit observations to correctly extract the transmission spectrum of the planet
during the transit (i.e. removing the chromatic distortion caused by the spots). The idea
behind this approach is to start from a basic model of the stellar activity, dominated by
the presence of spots, and to gradually add other components to make it more realistic.
The method is tested on Ariel-like transit observations simulated with ArielRad and is
also applied on real observations with the HST/WFC3 space telescope. In the second part
of my thesis, I extend the method also to photometric time series of transiting planets
in order to quantify the effect of star spots on the measurements of radii of transiting
planets. In addition to this chapter presenting the rationale and the general context, the
thesis consists of the following chapters:

• in Ch. 2, I develop a model of the stellar activity dominated by stellar spots and
with a uniform stellar emission and I test it on Ariel simulations of primary eclipse
spectra of three Ariel targets of planetary systems. This work is published in the
paper Cracchiolo et al. (2021a);

• in Ch. 3, I improve the model of Ch. 2 by adding the limb darkening effect and
the new model is again tested on the same Ariel targets of planetary systems used
in Ch. 2 in order to understand if and how the limb darkening modifies the results
(the contents of this chapter are published in Cracchiolo et al. 2021b);

• Ch. 4 shows an application of the method described in the previous chapters to
primary eclipse observations of the Super-Earth LHS 1140 b observed with the
HST/WFC3 space telescope;

• Ch. 5 presents the analysis of the photometric time series of V1298 Tau observed
with the TESS space telescope, assuming a stellar activity model with rotating
spots. The analysis allows to determine the distribution of spots on the stellar
surface and to correct their distortion on the transit depth measurements of the 4
planets orbiting around the star. I evaluate the effect of the bandpass simulating
simultaneous observations with K2, working with a bluer band;

• Ch. 6 briefly summarizes the main results obtained and the possible future perspec-
tives of this work.
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Chapter 2

Correcting the effect of stellar
activity on Ariel transmission
spectra

Stellar activity is one of the main nuisances or challenges in transmission spectroscopy of
transiting extrasolar planets. Since Ariel will observe a sample of known transiting exo-
planets, mitigating the effect of stellar activity is one of the main challenges. This chapter
shows how stellar activity may contaminate the retrieval of the planet’s transmission spec-
trum from Ariel transit observations and how it is possible to correct for this effects by
focusing on the contamination due to stellar spots and neglecting other components (e.g.
faculae). The contents of this chapter are part of the paper Cracchiolo et al. (2021a),
where I develop a method to model the spectrum of a star in the presence of spots from
the out-of transit observations and to correct the transit depth-dependent variations due
to spots non-occulted by the transiting planet.

The approach assumes that the planet is transiting in front of a star, whose visible
hemisphere is dominated by a distribution of spots, simulated as pieces of the stellar
photosphere with a lower temperature and occulting a certain geometrical fraction of the
visible stellar disk. Therefore, the spots are parameterized in terms of their effective tem-
perature and of their coverage on the stellar disk. A further assumption behind the model
is that the rotation of the spots and their evolution occur on time scales much longer
than the transit duration, therefore the observations in the immediate out-of transit (a
few hours before/after the transit) represent an almost static spots’ configuration and can
give a reasonable estimate of their physical and geometrical properties. Thus the time-
integrated out-of transit spectrum provides a correction factor of the transit depth at each
wavelength (i.e. of the transmission spectrum of the planet). The spots’ parameters are
retrieved with a chi-squared minimization procedure of the out-of transit low-resolution
spectrum over a grid of stellar spectra each mimicking the spectrum of the star with an
assigned size and temperature of the spots.

The main goal is to use the estimate of the spot parameters obtained from the out-of
transit in order to correct the transit depth variation in the primary eclipse light curves due
to non-occulted spots. The method is tested on realistic simulations of planetary transits
in front of spotted stars at Ariel resolutions, implemented with the software ArielRad
(Mugnai et al. 2020), by using as sample three combinations of Ariel targets of planetary
systems from the catalogue of Edwards et al. (2019). In particular, cases with different
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spots configurations are analyzed in order to understand which of them leads to significant
distortions of the planet’s transmission spectrum. The proposed approach cannot be
applied to cases with spot-crossings, as the planetary spectra inferred with the same
approach developed for non-occulted spots are systematically biased, with measurable
effects for the brightest targets and especially for more contrasted spots.

In all the explored cases, the proposed approach allows to reliably recover the spots pa-
rameters (size and temperature) from the out-of transit observations and, for non-occulted
spots, to confidently recover the planet’s transmission spectrum within the noise level (with
average uncertainty of at most 3.3% of the transmission spectrum).

As discussed in Sec. 1.3, changes of the observed stellar flux may occur when comparing
stellar spectra at different epochs. These phenomena are caused by the stellar rotation
or by the evolution of spots, on timescale of weeks/months, or by the stellar magnetic
cycles, on a timescale of years, therefore, the observed stellar flux changes according to
the spotted area on the stellar hemisphere exposed to the observer. When observing
stellar spectra collected far apart times, the proposed fitting algorithm will provide the
instantaneous spots properties, thus allowing to monitor the spots’ variability over time.
In this chapter, the fitting algorithm algorithm will be run over a set of simulated spectra
at Ariel resolution, representing different distributions of spots on the visible stellar disk,
thus showing the capabilities of the method to retrieve the instantaneous spot parameters.

2.1 Modeling the stellar and the planetary spectrum

This Section contains a detailed description of the adopted model of the stellar activity,
and the models used to simulate planetary transits in the presence of stellar spots.

2.1.1 Active star models

The proposed approach is based on the assumption that photospheric activity is due to
the presence of spots cooler than the photosphere, i.e. with a temperature lower than
the temperature of the non-spotted photosphere, and covering a fraction ff of the stellar
projected surface. The out-of transit stellar flux F outλ in the presence of spots can be
expressed as (see, e.g., Ballerini et al. 2012; Marino et al. 1999; Micela 2015; Scandariato
et al. 2015):

F outλ = (1− ff) · Fλ(T∗) + ff · Fλ(Ts) (2.1)

where:

• T∗ and Ts are the temperatures of the quiet photosphere and of the spots, respectively
(with Ts < T∗);

• ff is the filling factor of the spots, expressing the fraction of the visible stellar disk
covered by the spots (with 0 ≤ ff ≤ 1);

• Fλ(T∗) and Fλ(Ts) are the fluxes from the quiet photosphere and from the spots,
respectively.

Eq. (2.1) treats each of the two components (photosphere and spots) as having uni-
form surface brightness and it neglects the effects of brighter active regions on the star,
faculae and plages, i.e. photospheric inhomogeneities with temperatures higher than the
unperturbed photosphere, or the effect of the limb darkening (see Ch. 3). Furthermore, it
neglects the dependence of the spot filling factor ff on time. The latter may be crucial for

37



rapid rotating stars where the area covered by the spots projected onto the stellar disk can
vary significantly. For most stars, this timescale remains generally longer than the typical
transit duration (a few hours), so the filling factor variations on the transit timescale may
be neglected. This implies that for slow rotating stars the spot pattern does not change
during the transit and the measured stellar flux variations can be attributable only to the
planet occultation and can be considered constant during the transit1. On the contrary,
the spot configuration can change between different transits.

2.1.2 Active star model during primary eclipse

When the planet transits in front of its host star and a group of spots is randomly dis-
tributed on its transit chord, spot crossing events will occur, thus producing upward bumps
on the transit light curve (see Sec. 1.3). At each time t during the transit, the planet
will occult part of the radiation coming from the crossed spot and part coming from the
unperturbed photosphere. Since the apparent planetary radius is wavelength-dependent,
the fraction gλ of the planet that occults a specific spot at time t will be wavelength-
dependent too (with 0 ≤ gλ ≤ 1). So, the measured flux F inλ of the system “spotted-star
+ planet”during the transit can be expressed as:

F inλ = [1− ff − (1− gλ) · ελ] · Fλ(T∗) + (ff − gλ · ελ) · Fλ(Ts) (2.2)

where ελ =
(
πR2

p

πR2
∗

)
λ

is the ratio between the areas of the planetary and of the stellar disks,

respectively, at each wavelength and is important in that it contains the information about
the size of the planet and of its atmosphere. Fig. 2.1 gives a visual representation of each
term in Eq. (2.2).

Figure 2.1: Illustrative representation of a star with spots out-transit (left-hand side panel)
and in-transit (right-hand side panel). ff is the spots filling factor, ελ is the apparent
planetary radius at wavelength λ and gλ · ελ is the fraction of the stellar disk where the
planet overlaps the spot.

As discussed in Sec. 2.1.1, for slowly rotating stars, the spots physical and geometrical
properties out-of transit are not significantly different from those observed during the
transit. Under this assumption, Eq.(2.2) can be expressed as follows:

F inλ = F outλ − ελ · [(1− gλ) · Fλ(T∗) + gλ · Fλ(Ts)] (2.3)

1However, it should be stressed that observations of highly active stars, e.g. CoRoT-2 (Silva-Valio et al.
2010), have shown that significant rotational variations can take place on the transit timescale, so for these
very active targets our assumption is not valid. The stellar rotation period for CoRoT-2 is Ps = 4.54 d.
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The planetary signal ελ can be derived from the previous equation:

ελ =
F outλ − F inλ

(1− gλ) · Fλ(T∗) + gλ · Fλ(Ts)
(2.4)

= δλ ·
(1− ff) · Fλ(T∗) + ff · Fλ(Ts)

(1− gλ) · Fλ(T∗) + gλ · Fλ(Ts)
(2.5)

where δλ =
F outλ −F inλ
F outλ

is the uncorrected transit depth (i.e. retrieved when neglecting the

presence of the spots), while the second term is the correction factor that gives the ratio
between the flux from the spotted star and the flux of the star covered by the planet.

When the planet transits out of the spot, gλ = 0 at every time t, therefore the correction

factor reduces to cλ = 1+ff ·
(
Fλ(Ts)
Fλ(T∗)

− 1
)

. The term cλ < 1, and it is consistent with the

fact that it removes the systematic overestimate of the planetary radius due to the presence
of non-crossed spots. It should be stressed that the factor cλ depends on the wavelength
and has greater effects where the contrast Fλ(Ts)

Fλ(T∗)
between the emission from the spot and

the emission from the quiet photosphere is greater, i.e. at shorter wavelengths. As a matter
of fact, Fig. 2.2 shows two spectra at different temperatures, simulated from the Phoenix
spectra2, obtained by filtering the original high-resolution spectra with a Gaussian having
σ = λ/R, being R=300. The two spectra mimic the emission from the quiet photosphere of
the Sun and from the Sun spots (see, e.g., Eker et al. 2003), and show that their contrasts
becomes stronger and stronger when moving towards shorter wavelengths.

Figure 2.2: Spectra of two Sun-like stars at different temperatures, obtained by Phoenix
spectra degraded at a resolution R=300, in Ariel wavelength coverage. The two spectra
mimic the emission from the quiet photosphere of the Sun (blue line), and from the Sun
spots (orange line).

A similar approach to correct the effect of non-crossed spots can be found in McCul-
lough et al. (2014), Pont et al. (2013), and Zellem et al. (2017). In Sec. 2.4.1, Eq. (2.4) will
be used to correctly extract the planet’s transmission spectrum for cases of non-crossed
spots. Note that the model assumes that the star has a uniform emission throughout the
entire disk, therefore, if the star does not hide the spots during the transit it will occult
regions of the stellar disk with an almost uniform emission; therefore, to increase the SNR,

2https://phoenix.ens-lyon.fr/Grids/BT-Settl/
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it will be enough to sum all the transit data points.

If the planet crosses a spot a bump will appear in the transit light curve, and gλ will
change with time within the transit, as the planet occults a different portion of the spot at
each time during the transit. In the latter case, the transit data points cannot be summed
to increase the SNR and knowing gλ at all instants would allow to correct the transit
depth in all the transit data points of the light curve. However, in many cases, due to
the low SNR, the bump due to the spot crossing in the transit light curve is not evident,
therefore, attempting to model the gλ factor may not be fruitful. In the presence of spot
crossing events, two possible configurations can be distinguished, according to the relative
size of the spot and planet:

• ff ≤
(
πRp
πR∗

)2

λ
: the spot is smaller than the planet, so a complete occultation of the

spot during the transit will occurs when gλ · ελ = ff . In general, the term gλ · ελ
will span the interval [0, ff ] during the transit;

• ff >
(
πRp
πR∗

)2

λ
: the spot is larger than the planet, so gλ will span the interval [0, 1],

where gλ = 1 occurs when the planet is entirely over the spot.

The term gλ · ελ depends on the shape of the crossed spot and, in the assumption
that the spot projection on the stellar disk is circular, the term gλ · ελ can be analytically
expressed as:

gλ · ελ =
1

πR2
∗

[
R2
p,λ arccos

(
d1λ

Rλ

)
− d1λ

√
R2
p,λ − d2

1λ

+R2
spot arccos

(
d2λ

Rspot

)
− d2λ

√
R2
spot − d2

2λ

] (2.6)

where Rp,λ is the planetary radius as a function of wavelength, while d1λ and d2λ are
respectively:

d1λ =
R2
p,λ + d2 −R2

spot

2d
d2λ = d− d1λ

(2.7)

being d is the distance between the spot and planet centers. The detailed derivation of
Eq. (2.6) is reported in Appendix A.1. In Sec. 2.4.2, Eq. (2.6) will be used to simulate
transits over the spots, but it won’t be used to model and to correct the upward bump in
the transit light curve.

2.1.3 Planet transmission spectrum

To simulate the planet’s transmission spectrum, i.e. the term ελ in Eq. (2.2), TauREx3(Al-
Refaie et al. 2021) is used. For a given target of planet, TauREx simulates its transmission
spectrum starting from the planet surface gravity (determined by its mass Mp and its ra-
dius Rp), the temperature profile of its atmosphere and the chemical composition of the
planet’s atmosphere. In this work, planetary transits of a sample of transiting exoplanets

3https://github.com/ucl-exoplanets/TauREx3_public.
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taken from Edwards et al. (2019) in the presence of spots will be simulated, and, for each
planet, an isothermal temperature profile is adopted (the equilibrium temperatures Teq is
taken from the catalogue of Edwards et al. 2019), and the pressure pmax at the bottom of
the atmosphere is set to 1 bar both for terrestrial and gaseous targets of exoplanets4. By
following the same approach of Edwards et al. (2019), each planet test-case is assumed
to have a primordial atmosphere, i.e. made of H2 and He with an abundance ratio 0.17
(being the molecular hydrogen the main gas) and a mean molecular mass µ = 2.3u. The
abundance ratio is defined as the logarithm of the ratio of the two elements relative to
their ratio in the Sun. In addition, the Rayleigh scattering of the molecular species in the
planetary atmosphere is added to the model of transmission spectrum.

As an example, Fig. 2.3 shows the planetary transmission spectrum simulated for the
planet HD 17156 b at Ariel Tier 2 resolutions. The red continuous line is the case of a pri-
mordial atmosphere while the black continuous line represents the primordial atmosphere
with traces of water having a volume mixing ratio w = 10−4, being the volume mixing
ratio the number of moles of H2O divided by the number of total moles. The presence
of such a small amount of water does not significantly affect the mean molecular mass of
the particles of the atmosphere, therefore the time required to observe the atmosphere of
each target of planet with a SNR> 7 are not sensibly different from those estimated by
Edwards et al. (2019) for primordial atmospheres. This will allow to simulate planetary
transits by using the number of observations reported in Fig. 1.12, both for primordial
atmospheres and atmospheres with traces of water.

Figure 2.3: Examples of transmission spectra of the planet HD 17156 b at Ariel Tier
2 resolution. The abundance ratio between He and H2 is 0.17, while the water volume
mixing ratio w is specified in the legend.

The transmission spectra in Fig. 2.3 are characterized by a slope at shorter wave-
lengths due to the Rayleigh scattering of particles in the planet’s atmosphere, which could
be potentially mistaken for the effect of non-occulted spots.

In the following, we present a method to correct the chromatic variations of the transit
depth due non-occulted spots and thus to disentangle their effects from other chromatic
effects due to the planet’s atmospheric components at shorter wavelengths. Furthermore,

4Generally, for gaseous planets the pressure at the surface of the planet is p0 ∼ 1 − 10 bar, depending
on the transparency of the atmosphere, Tinetti et al. (2013)
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the addition of water also allows to test whether or not the method will be able to recover
the molecular bands in the planet’s spectrum at longer wavelengths. It should be stressed
that modeling the details of the planetary transmission spectrum or of the chemical atmo-
spheric composition is not essential for this work; here it is relevant to show if the method
can correctly derive the planetary transmission spectrum in the presence of spots, and if
it can identify modulation in the planetary atmosphere due to molecular bands (of water
in this case).

2.2 Method and targets description

This Section contains a description of the method used to correct the distortions intro-
duced by non-occulted spots on transmission spectra of transiting extrasolar planets. The
approach consists in:

1. deriving the geometric (ff) and physical (Ts) properties of the spots from the ob-
served out-of transit spectrum;

2. using the estimate for ff and Ts to correctly extract the planet’s transmission spec-
trum from Eq. (2.4).

The latter step is possible only for slowly rotating stars, for which the stellar rotation
period, modulated by the spots, is much longer than the typical transit duration. The
method is tested on three possible star-planet combinations, targets of Ariel, using as
examples three transiting systems, taken from the target list of Edwards et al. (2019): HD
17156 b, a Jupiter orbiting a G0-type star (Fischer et al. 2007), HAT-P-11 b, a Neptune
orbiting a K4 star (Bakos et al. 2007), and K2-21 b, a super-Earth transiting a M0-type
star (Petigura et al. 2015).

In order to retrieve the spot parameters from an observed out-of transit spectrum, the
method compares the observation with a discrete grid of spotted spectra with different
combinations of ff and Ts purposely built for the target of star to be observed. Each
spectrum in this grid is obtained by linearly combining the emission from the spot Fλ(Ts)
and the emission from the quiet photosphere Fλ(T∗) according to Eq. (2.1). Fλ(T∗) and
Fλ(Ts) are modeled with the Phoenix spectra (Baraffe et al. 2015), by assuming that the
spot spectrum is equivalent to a stellar spectrum with the same metallicity and surface
gravity of the quiet photosphere but with a lower temperature, therefore the fluxes Fλ(Ts)
are generated as for Fλ(T∗) changing the input stellar temperature5 (see also Ballerini et al.
2012; Micela 2015). The spectra Fλ(T∗) and Fλ(Ts) are degraded at the same resolution
as illustrated in Eq. (1.6) before linearly combining them, and then they are simulated
at Ariel resolutions with the software ArielRad (version 1.5r14, Mugnai et al. 2020), in
units of e−/s. The spectra Fλ(T∗) of the quiet photospheres of the three selected stars are
generated by setting the input parameters read by ArielRad as shown in Tab. 2.1. For
each star, a 2D grid of spotted spectra in the ff −∆T space is built, being ∆T = T∗−Ts.
In this space, the filling factor ff of the spots spans the [0.001; 0.200] interval with a step
of δff = 0.001, while the temperature Ts ranges in the [T∗ − 2000 K ;T∗ − 50] K interval
with a step of δT = 50 K. The spots parameters are summarized in Tab. 2.1.

5Some authors (e.g. Bruno et al. 2022; Solanki 2003) model the stellar spots as having a 0.5-1 dex lower
log g than the stellar one, and this is due to the decrease in gas pressure caused by increased magnetic
pressure in the darker photospheric upper layers
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Table 2.1: T∗, R∗, M∗ and D are the input parameters used to generate the fluxes Fλ of
the quiet photosphere for the three considered stars, taken from Edwards et al. (2019).
Ts and ff summarize the spots parameters used to build the out-of transit stellar spectra
grids.

HD 17156 HAT-P-11 K2-21

Spectral type G0 K4 M0
T∗[K] 6040 4780 4220
R∗[R�] 1.55 0.68 0.65
M∗[M�] 1.41 0.81 0.68
D[pc] 75.0 37.8 83.9
Ts[K] 4040− 5990 2780− 4730 2220− 4170
ff 0.001− 0.200 0.001− 0.200 0.001− 0.200

For each spectrum in this 2D grid, ArielRad implements a realistic noise model over
one hour of integration according to Eq. (1.7). By randomizing this noise level (suitably
scaled to the desired exposure time texp), it is possible to simulate a set of noisy spectra
starting from a spotted spectrum with a specific combination ff, Ts, mimicking the future
Ariel observations and over which it is possible to test the capability of the method to
recover the spot parameters and their uncertainties.

Each noisy spectrum is fitted by using the derivative-free Nelder-Mead method (or
downhill simplex; Nelder et al. 1965). The minimization algorithm is implemented with
the python package scipy (Virtanen et al. 2020) and it minimizes the χ2(ff, Ts) function
between each noisy spectrum and the bi-dimensional grid of models. Each χ2 function is
made continuous, by linearly interpolating the stellar spectra in the 2D grid, so that the
minimization method searches the solution over a continuous parameter space and it is
not constrained on the grid nodes. The grid of spectra is thus a bi-dimensional collection
of reference spectra for the fitting procedure. Furthermore, the downhill simplex method
does not handle boundary conditions, so the fitted spot parameters that minimize the
χ2 function may escape off their grid. In order to prevent this, each χ2 function is made
infinite outside the boundaries of the 2D grid so that the solution is always within the spot
parameters domain. The fitting algorithm has been employed in other works (e.g., Lanza
et al. 2016; Scandariato et al. 2015; Tabernero et al. 2019) and similar fitting approaches
can be found in O’Neal et al. (1998), where the star spotted area and temperature are
determined by modeling some specific molecular absorption bands. The output of the
fitting algorithm obtained in some specific cases are shown in Sec. 2.3.1.

This technique allows to determine the spectrum changes due to the presence of spots
and it may provide information about the temporal evolution of the spots when comparing
different observations. Also in this case, an example is provided in Sec. 2.3.1.

The second step purposes to use the best-fit spots parameters derived from the out-of
transit observation to retrieve the planet’s transmission spectrum ελ, not contaminated by
the presence of the non-occulted spots, as in Eq. (2.4), where: F outλ and F inλ are the spec-
tra observed out-of transit and during the transit, the term gλ = 0 since the spots are not
crossed, while Fλ(T∗) is the spectrum of the quiet photosphere. The latter term Fλ(T∗) is
derived from Eq. (2.1), where ff and Ts are the spot parameters estimated from F outλ , and
Fλ(Ts) is interpolated from the grid of spots spectra at Ariel resolutions. If the planetary
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spectrum were estimated as δλ =
F outλ −F inλ
F outλ

in each observation, i.e. without correcting for

the presence of the non-occulted spot, the resulting planetary spectrum would be overes-
timated as a consequence of the non-crossed spots, and the effect would depend on the
specific combination of the spot parameters. In Sec. 2.4.1, different transit observations
for the three targets of planetary systems discussed before will be simulated, assuming
that the star has a spots’ distribution on its visible hemisphere not intercepted by the
transit chord; for each simulation, the planet’s transmission spectrum will be derived as
both δλ (neglecting the spots’ effect) and ελ (where the spot overestimate is removed).
These simulations will be useful to understand in which cases the distortions caused by
non occulted spots are overestimated and in which cases they are comparable with the
error size.

As discussed in Sec. 2.1.2, it is very hard to correct the case of spot crossing events
due to the low SNR that prevents bumps from being seen on the transit light curve. The
difficulty of this case is that both the spots and the planet’s atmosphere have to be mod-
eled, and both of them have chromatic effects. An effort in this sense has been made by
Bruno et al. (2022), that has modeled the planet-star spots crossings for JWST NIRCam
and NIRSpec simulations, however assuming the planet without atmosphere, i.e. as an
opaque disk at all wavelengths. In Sec. 2.4.2, transits over the spots for the same tar-
gets of planetary systems seen before will be simulated, and the method developed for
non-occulted spots will be applied to each of them in order to evaluate its impact on the
planetary spectrum extraction.

2.3 Testing the Nelder-Mead algorithm

This Section will discuss the results of our fitting algorithm obtained for some specific
configurations of the spot parameters and its capability to retrieve the instantaneous
spot parameters from out-of transit observations of a given target. Basically, the method
compares an observed spectrum with a realistic spots’ distribution with a grid of spectra
built with one dominant spot, therefore it provides effective spot parameters that best
match the observed spectrum. A more detailed discussion will follow in the last part of
this Section.

2.3.1 Retrieval of the spot parameters

In order to evaluate the capabilities of the fitting algorithm to retrieve the spot parameters
from an observed out-of transit spectrum, different combinations of ff, Ts for the three
targets of stars in Tab. 2.1 are simulated. The SNR of the simulations is fixed from σY,texp
in Eq. (1.7), where: the term σY,1h takes into account for the star distance; the exposure
time of the simulation is set to texp = 100 s.

The apparent magnitude6 in the visual band (∼ 400-500 nm) is fixed to V = 9 for the
three stars and this value is converted into an effective distance Deff for each target so
that ArielRad can simulate a realistic noise level. Deff is derived from:

V −MV = 5 log (Deff )− 5 (2.8)

6The apparent magnitude of a star is a measure of its brightness observed from Earth. An object’s
apparent magnitude depends on its intrinsic luminosity, its distance from Earth, and any extinction of the
object’s light caused by interstellar dust along the line of sight to the observer.
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where MV is the absolute magnitude7 in the visual band and for each spectral type of star
MV is taken from Cox (2000), V is the apparent magnitude, set to V = 9, V −MV is
the distance modulus. Deff is in units of pc. The values of Deff derived for each target
are summarized in Tab. 2.2. The table also reports the apparent magnitudes of the three
stars extracted from Edwards et al. (2019), which will be used in the Sec. 2.4 for the
simulations of planetary transits.

Table 2.2: V0, MV are the apparent magnitude, the absolute magnitude in the visual band
(∼ 400-800nm), respectively, for the simulated stars. V0 is taken from Edwards et al.
(2019), MV from Cox (2000). Deff is derived as in Eq. (2.8) when assuming an apparent
magnitude V = 9.

HD 17156 HAT-P-11 K2-21

MV 4.4 7 8.8
V0 8.2 9.6 12.8

Deff [pc] 82.2 24 11

For each combination ff, Ts, 10 000 realizations of Ariel observed fluxes are generated.
Each realization is obtained by randomly extracting the fluxes in the photometric chan-
nels/spectral bins by Gaussian distributions centered on F inputλ · texp (being F inputλ the
spectrum in the 2D grid with the combination ff, Ts, in units of e−/sec) and by assuming
as variance F inputλ · texp · σY,texp . The fitting algorithm is run on each noisy spectrum, by
taking care to normalize both the spectra in the 2D grids and the simulated spectra to
their integrated fluxes. Shape variations that take into account the absolute flux are not
essential in this work.

The left panels of Fig. 2.4 show the 2D histograms of the 10 000 fitted parameters for
the test case with a spot ∆T = 300 K cooler than the photosphere and with ff = 0.03 for
the three reference stars. The input value is represented by a red cross, while the median
value of the fitted spots’ parameters is marked in green. The contour level encompasses
the most probable 68% values of the fitted parameters.

7The absolute magnitude is a measure of the luminosity of a star. An absolute magnitude is defined
to be equal to the apparent magnitude that the star would have if it were at a distance of 10 pc (without
absorption by interstellar matter and cosmic dust)
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Figure 2.4: Statistical analysis of the results from the fitting algorithm run over 10 000
random realizations of noisy spectra with 100 s exposures, in stars with V = 9. The
simulated configuration has a spot temperature 300 K cooler than the photosphere and
ff = 0.03, for the HD 17156 star (top), HAT-P-11 star (center) and K2-21 star (bottom),
respectively. Left-hand side panels - 2D probability distribution functions of the fitted
parameters. The red cross represents the input parameters, while the green point marks
the median of the distribution. The black contour shows the confidence region around the
most probable value of the 2D distribution containing the 68% of the sample. Right-hand
side panels - The 2D distribution shows the ratio between the best-fit spectra obtained
by fitting the 10 000 noise realizations and the input spectrum; the ideal case of perfect
match, i.e. ratio 1, is represented by the red dashed line. The red solid lines mark the 1
σY,texp relative errors of the input spectrum for an exposure time texp = 100 s, as derived
from Eq. (1.7).

The 2D distribution of the fitted parameters is such that the spot parameters are dis-
tributed around the inputs values (red crosses) and are anti-correlated, i.e. the contrast
temperature ∆T decreases with increasing filling factor. This is consistent with the fact
that the effect of large temperature contrasts tend to compensate small filling factors and
vice versa.
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For each combination of the retrieved spot parameters, the stellar spectrum F interpλ

associated with the best-fit parameters is obtained by linearly interpolating the original
2D grid of stellar spectra. Then, F interpλ is compared to the unperturbed input spec-

trum F inputλ . The corresponding ratios F interpλ /F inputλ are compared to the relative noise
σY,texp associated to the input spectrum, evaluated as in Eq. (1.7) for an exposure time
texp = 100 s. The 1 σY,texp noise level is represented in the right-hand side panels of
Fig. 2.4 by red solid lines. This procedure allows to understand how reliably the stellar
spectrum is reproduced from the estimated best-fit parameters when comparing it with
the input spectrum. The results show that the stellar spectrum is recovered within the 1
σY,texp relative noise of the unperturbed spectrum in the AIRS channels. These results can
be explained considering that small variations of the fitted spot parameters with respect to
the input parameters produce a greater variation of the stellar flux at shorter wavelengths,
where the spot-star contrast is greater.

Fig. 2.5 shows the results obtained for a spot 1500 K cooler than the quiet photosphere
and with ff = 0.03. Particular attention should be reserved to the stars HAT-P 11 and
K2-21 (central and bottom panels of Fig. 2.5, respectively), where you can note a change
of the slope in the 2D histograms of the fitted parameters (left-hand side panels), i.e. the
temperature contrast and the filling factor are correlated. It has been verified that this
effect is only due to the very-high spot temperature contrast and it is independent on the
spot filling factor.
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Figure 2.5: As in Fig. 2.4 for a spot 1500 K cooler than the photsphere and ff = 0.03.

If the spots were black bodies, the filling factor and the temperature contrast of the
spot should be always anti-correlated because both parameters have the same effects on the
observed stellar spectrum. However, the spot spectra, if cold enough, present molecular
bands with a non monotonic behavior of the effective width with temperature, and this
could lead to a correlation between ff and Ts as that found for cold spots. Fig. 2.6 shows
the flux ratio between the spectrum of a spot with a certain temperature and that with a
warmer temperature in the spectral range 1.95-7.8 µm. This shows that in some molecular
bands a cold spot may have a flux greater than that of a warmer spot, therefore increasing
the temperature contrast of the spot has an effect similar to that of having a smaller filling
factor.
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Figure 2.6: Flux ratio between a spot spectrum and the cooler one at Ariel resolutions for
each target of star, specified in the legend.

Furthermore, the distribution of the fitted spot temperature obtained for the case of
the star K2-21 has two peaks, and this effect can be attributable also to the shape of the
spots’ spectra. This asymmetry can also be found in the inferred stellar spectra (bottom
right panel of Fig. 2.5).

A number of cases has been tested by using different spot parameters, obtaining results
consistent to what is discussed above. The results are summarized in Tab. 2.3, where the
intervals around the median values corresponds to the 16th and 84th quantiles of the 10 000
retrieved spots’ parameters.

When comparing the uncertainties on the derived spot parameters for different com-
binations ff, Ts in the same star, you can note that these are smaller for higher contrast
spots, i.e. when the spot is better detectable. Furthermore, when comparing the case of
the three reference stars each with the same input spot, the uncertainties are larger for
the star with the highest photospheric temperature; in fact, if the three stars have the
same visual magnitude and the same spot temperature contrast and size, The spot can be
less precisely characterized in the hottest star, where the relative contrast T∗−Ts

T∗
is smaller.

It should be stressed that the Nelder-Mead algorithm is not strongly dependent on the
starting conditions.

2.3.2 Recovering the spots parameters vs. time

As noted in Sec. 2.1.1, because of the presence of spots, variations of the observed stellar
flux may occur between observations taken at far apart times, due to the stellar rotation or
changes in the stellar magnetic activity. Several tests have been carried out to understand
if the method can recover the instantaneous spot parameters when comparing observations
at different epochs. In this Section the case of the star HAT-P-11 is illustrated. In this
star the stellar rotation causes an evident rotational modulation of the spot filling factor.

Simulating the details of the spots rotation/evolution is of little interest for the pur-
poses of this work, as the goal is just to test whether the algorithm can retrieve the spot
properties from a set of noisy spectra collected at different times during a complete stellar
rotation (Ps = 29.2 d; Bakos et al. 2010). In order to simulate the variability of the star
flux during a complete rotation, a set of noisy spotted spectra are simulated by assuming
that each of them has a filling factor randomly extracted from a random normal distri-
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Table 2.3: Summary of the spots parameters obtained in specific cases, where the SNR
of the three reference stars is fixed (V = 9, texp = 100 s). ∆Tinput and ffinput are the
input spots parameters. The last two columns show the median of the 10 000 retrieved
spot parameters, the lower and upper values are the 16th and 84th quantiles.

Name star ∆Tinput[K] ffinput[%] ∆T [K] ff [%]

HD 17156

300
3 250.0+150.2

−109.7 3.54+2.61
−1.27

10 282.1+50.9
−46.6 10.56+1.95

−1.51

1500
3 1487.2+50.7

−52.0 3.00+0.06
−0.05

10 1496.0+14.7
−14.5 10.01+0.05

−0.05

HAT-P-11

300
3 286.8+90.1

−81.6 3.09+1.04
−0.62

10 295.8+23.9
−25.6 10.11+0.82

−0.63

1500
3 1504.7+23.7

−19.0 3.00+0.04
−0.04

10 1501.4+7.0
−5.7 10.00+0.03

−0.03

K2-21

300
3 308.0+13.9

−14.4 2.93+0.11
−0.09

10 302.5+3.9
−4.3 9.93+0.11

−0.09

1500
3 1512.1+12.6

−25.8 3.01+0.03
−0.03

10 1503.5+3.8
−7.5 10.02+0.03

−0.03
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bution peaked at < ff >= 0.05, and with standard deviation σff = 0.02 (excluding any
negative values), and with a fixed spot temperature Ts = 4500 K (Morris et al. 2017).
The orbital period of the planet is P = 4.89 days (Béky et al. 2014), so during a rotation
period about 6 transits are observed. Subtracting the equivalent duration of six planetary
transits (each transit lasts ∼ 2.1 h) from the rotation period, during a complete stellar
rotation it is possible to collect observations of the star unimpeded for about 28.7 d. Each
spectrum is simulated by assuming the nominal visual magnitude of the star HAT-P-11
(V0 = 9.6) and that the integration time of the observation is of one hour: since Ariel
noise level is dominated by the photon noise, this choice allows to retrieve the spot pa-
rameters with a smaller uncertainty than assuming texp = 100 s but of course implies the
assumption that the stellar flux does not significantly vary over the one hour exposition.

The left panel in Fig. 2.7 shows that the fitting algorithm can reliably retrieve,
from a statistical point of view, the distribution of the input filling factors of the spots.
The estimated spot filling factor is 0.030+0.020

−0.017, while the estimated spot temperature is

4508.2K+27.3K
−31.2K. The distribution of retrieved filling factors and the distribution of the

input simulated filling factors are compared and a linear fit is performed to understand if
there is a one-to-one correspondence between the simulated spectrum and the estimated
one. The the central panel of Fig. 2.7 shows that for each observation the filling factor
of the spot is reliably recovered, with some exceptions for ff < 0.02. This is justified
by the fact that for such small spots it is very hard to remove the degeneracy between
the estimated temperature and the estimated ff of the spots. This can be seen in the
right-hand side panel of Fig. 2.7, where a scatter plot of the estimated spot parameters
is shown. This test strengthens the hypothesis that the out-of transit observations may
be used to sample the coverage of the spots on the observed hemisphere of the star. Ariel
main goal is to observe transiting extrasolar planets, with a well-defined relation between
the out-of transit and in-transit durations, but it will also provide observations of the stars
(without any transiting planet) to fill any gaps between the scheduled observations. The
analysis of these out-of transit spectra could give precious information about the temporal
evolution of the spots and about the stellar magnetic activity.

Figure 2.7: Results from the fitting algorithm run over one simulated period of the star
HAT-P-11, assumed with its nominal magnitude V0 = 9.6. Each input spectrum is in-
tegrated over one hour exposure. Left panel : histograms of the spots filling factors (the
green line stands for the input distribution, the black one is for the inferred distribution).
Central panel : Relation between the input and the estimated filling factors. The red line
is the linear fit (with slope m = 1.02 and intercept q = 3.3 × 10−4). Right panel : Scat-
ter plot of the estimated spot parameters. The green dashed line marks the input spot
temperature.
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2.3.3 Robustness of the spotted star model

The model in Eq. (2.1) is based on the assumption that the visible hemisphere of the
star is dominated by the presence of spots with a given temperature, so it neglects that
stellar spots may have different temperatures. In all the explored cases (summarized in
Tab. 2.3), the fitted distributions peak on the input spot parameters but this result may
depend on the assumption that the star is simulated with a spots’ distribution, covering
a fraction ff of the projected stellar disk and with an assigned temperature.

In order to understand if and how such an assumption affects the results, in this Section
the star will be simulated with two spots having different sizes and temperatures and the
resulting stellar spectrum will be fitted with a single spot. The visible magnitude of each
star is again set to V = 9 and the exposure time of each simulated spectrum is assumed
to be texp = 100 s. The two input spots are assumed to have filling factors ff1 = 0.01 and
ff2 = 0.02, and temperature contrasts ∆T1 = 1000 K and ∆T2 = 500 K, respectively. For
each star, 100 noisy spectra are simulated as shown in Sec. 2.3.1 and each spectrum is
fitted with a single spot model in order to retrieve the couple of effective spot parameters.
As Fig. 2.8 shows, the fitted spots’ parameters (left panel) correspond to intermediate
values between those of two input spots, and the 16th and 84th quantiles of the 100 fitted
spectra are comparable to the 1 σY,texp input noise level except for the K2-21 star where
the flux of the best-fit spectra are systematically overestimated at all wavelengths.

Figure 2.8: Left panel - Scatter plot of the parameters got with a single-spot-model fitting
and input stellar spectra generated instead assuming two spots with filling factors ff1 =
0.01 and ff2 = 0.02, and temperature contrasts ∆T1 = 1000 K and ∆T2 = 500 K,
respectively. Each color stands for a specific star (see legend). Right panels - Ratio
between the best-fit spectra obtained by fitting the 100 noise realizations and the input
spectrum. The black solid line, i.e. ratio 1, represents the input spectrum. The black
dashed lines mark the 1 σY,texp relative errors of the input spectra with an exposure time
texp = 100 sec. The colored solid lines represent the 16th and 84th quantile of the 100
fitted spectra.

Another limit of the model of Eq. (2.1) is that the stellar temperature T∗ is, in reality,
not accurately known, so the model does not perfectly reproduce the true spectra. For
the three targets of stars the photospheric temperatures is known with an uncertainty of
a few tens of K, and this uncertainty on the photospheric stellar temperature may affects
the determination of the spot temperature and of the filling factor. In the following, the
star is simulated with only one dominant spot but the temperature of the unperturbed
photosphere is varied of a few degrees from the nominal value (reported in Tab. 2.1). The
results of this analysis are shown in Fig. 2.9: for each change of T∗ from the nominal value,
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shown in the left panel legend, a set of 100 noisy spectra corresponding to Ts = 5040 K, and
ff = 0.02 in the left panel and ff = 0.05 in the right panel, are simulated, again assuming
an exposure time texp = 100 s and a visual magnitude V = 9. The results show that both
the temperatures and the filling factors of the spot are overestimated if the photospheric
temperature is lower than its nominal value, i.e. the best fit spectra correspond to a
hotter and larger effective spot. On the contrary, if the temperature of the photosphere is
higher than its nominal value, the spot parameters are both underestimated. Even if the
effective temperature were precisely known, the model may still not perfectly fit, because
the spectral models used here are necessarily incomplete (which is one of the reasons why
the temperature values are uncertain), the surface gravity and metallicity of the star may
also be uncertain and so on for the other parameters of the model.

Figure 2.9: Scatter plots of the fitted spot parameters for stellar temperature values
slightly different from the nominal value; the temperature difference from the 6040 K
nominal value of HD 17156 is identified with a color for each set of simulations in the
left panel legend. Each color pertains to 100 noise simulations. The black cross marks
the input temperature and filling factor of the spot. For each panel, the upper histogram
shows the distribution vs. derived Ts, the one on the right the analogous distribution vs.
derived ff . Left panel : ff = 0.02, right panel : ff = 0.05; for both panels the input
temperature of the spot is 5040 K.

2.4 Results

In this section, simulations of planetary transits in the presence of spots will be performed,
in order to quantify and possibly to correct the distortion of the planetary signal due to the
spots in Ariel observations, by following the approach described in Sec. 2.2. In particular,
the method is used to correctly extract the planet’s transmission spectrum for the cases of
transits out of the spots and it is tested on the same systems that have been analyzed so
far, this time taking also into account the occulting planets: HD 17156 b (a Jupiter), HAT-
P-11 b (a Neptune) and K2-21 b (a super-Earth). The planetary parameters are shown
in Tab. 2.4 and are taken from the catalogue of Edwards et al. (2019). Furhermore, the
method is also extended to transits over the spots in order to evaluate the errors that
it introduces when extending the same correction developed for non-crossed spots to the
cases of transits over the spots.
Each simulated transit consists in observing the transiting system from a few hours before
the mid-transit time to a few hours after the mid-transit, under the following hypothesis:

1. the out-of transit duration is equivalent to the in-transit duration τ (shown in Tab.
2.4);
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Table 2.4: Radius Rp, mass Mp and equilibrium temperature Teq used to simulate the
planets’ transmission spectra with TauREx. τ and b are the transit length and the impact
parameter of the analyzed planets. n is the number of transits needed to observe a
primordial atmosphere at Tier 2 resolution with SNR= 7. Parameters taken from Edwards
et al. (2019).

Planet Rp Mp Teq τ b n
[R⊕] [M⊕] [K] [h] [R∗]

HD 17156 b 12.1 98.3 904.0 4.2 0.89 2
HAT-P-11 b 4.3 17.1 847.8 2.1 0.5 3

K2-21 b 1.8 3.9 647.2 2.6 0.45 184

2. the out-of transit spectrum F outλ and the in-transit spectrum F inλ are simulated
from Equations (2.1) and (2.2), respectively, under the assumption that the spot
parameters ff and Ts are the same (see discussion in Sec. 2.1.1).

The planet’s spectrum ελ in (2.2) is generated as shown in Sec. 2.1.3, by simulating
for each combination “star + planet” the transmission spectrum of both a primordial at-
mosphere (dominated by H2 and He) and a primordial atmosphere with traces of water
(volume mixing ratio w = 10−4). Tab. 2.4 shows the planets’ parameters used to simu-
late the planets’ transmission spectra: the radius Rp, the mass Mp and the equilibrium
temperature Teq.

The planet’s spectrum, the spectrum of the quiet photosphere Fλ(T∗) and the spectrum
of the spot Fλ(Ts) are simulated at the same resolution R = 6 000 as explained in Sec.
1.2.4.4, and linearly combined as in Eq. (2.2), and the resulting spectrum is processed
by ArielRad and degraded at Ariel resolutions. The transit observations are simulated at
Tier 2 resolutions because these will provide valuable information about the chemistry of
exoplanetary atmospheres. In order to have a SNR>7 ratio on the planet’s atmosphere of
each transiting system, for each combination of ff, Ts to be analyzed, multiple transits are
simulated, assuming the number n of observations estimated by Edwards et al. (2019) and
reported in Tab. 2.4 for the three simulated planets (see Sec. 1.2.4.5). A simplification
of the model is that the planet’s spectrum ελ does not undergo variations over the n
observations.

The main assumption behind the model is that the spots’ pattern does not change
between the out-of transit and the in-transit observation. However, the spots’ coverage on
the visible stellar disk may vary when considering observations taken at different times,
due to the stellar rotation or changes in the stellar magnetic activity. Therefore the filling
factor ff values fluctuate in the n observations, thus resulting in an average filling factor,
henceforth indicated with µff . In the following Sections, planetary transits in the presence
of spots will be simulated by taking into account the possible changes in the spots’ filling
factor in the n simulated transits.

2.4.1 Transits out-of-the spots

As concerns planetary transits out of the spots, two possible configurations of the spots’
parameters have been explored: µff = 0.03, ∆T = 300 K and µff = 0.10, ∆T = 1000
K. For both scenarios, n transits observations are simulated. A single transit observa-
tion consists of an out-of transit spectrum F outλ and an in-transit spectrum F inλ , both
integrated over an exposure time equivalent to the transit length τ (reported Tab. 2.4).
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Integrating the in-transit spectrum over the transit duration is possible since the planet is
not crossing the spots (the term gλ in Eq. (2.2) is 0 at every time during the transit) and
it always blocks the same stellar flux regardless of its position on the stellar disk (the limb
darkening effect is neglected). Since Ariel noise is dominated by the photon noise (Mugnai
et al. 2020), using such a long integration time reduces the relative noise of the observed
spectra as well as the uncertainty on the estimated spot parameters. The 1 σY,τ noise
level associated to each spectrum is simulated as in Eq. (1.7), by assuming the visible
magnitude V0 of the three stars, reported in Tab. 2.2, and an exposure time texp = τ .

In order to take into account the possible changes of the filling factor of the spots
between the n transits observations, in each simulated transit the spot filling factor is
randomly extracted from Gaussian distributions of filling factors peaked at µff and with
standard deviation σff = 0.02, while the temperature contrast ∆T will be assumed as
constant.

Before correcting for the effect of the non-occulted spots, their distortion on the planet’s
transmission spectrum is quantified. To this purpose, the planetary spectrum is extracted
as:

δλ =
F outλ − F inλ

F outλ

(2.9)

in each of the n simulated transit observations; to get the desired SNR, the n planet’s
spectra thus obtained are averaged. This uncorrected spectrum will be indicated as
< δλ >n. The results are shown in the left panels of Figures 2.10 and 2.11, where the
black and red continuous lines show the uncorrected planet’s spectrum < δλ >n, the black
and red dashed lines the input planet’s spectra (used to simulate the transit observations).
The red colors refers to transmission spectra simulated with primordial atmospheres and
the black one the spectra with further traces of water. The extracted planetary signal
is significantly overestimated for the more contrasted spots (µff = 0.10, ∆T = 1000 K)
and this is coherent with the fact that the planet is not crossing the spots. Furthermore,
the effect is chromatic and it causes greater distortions at shorter wavelengths, where the
contrast spot-photosphere is stronger. The overestimate in the Ariel photometric channels
is of ∼ 10% and this may lead to mistakenly interpret the slope at shorter wavelengths
as an effect due to the Rayleigh scattering. Conversely, the distortion is comparable to
the noise level for less contrasted spots (µff = 0.03, ∆T = 300 K), and for these cases,
attempting to correct for the spots effects may not be useful, while the effect becomes
more evident for cooler and larger spots.

As discussed in Sec. 2.2, to correctly extract the planet’s spectrum and to remove the
overestimate due to non occulted spots, the planet’s signal ελ in each of the n observations
can be derived as follows:

ελ =
∆Fλ
Fλ(T∗)

=
F outλ − F inλ
Fλ(T∗)

(2.10)

where ∆Fλ = Fλ(T∗) − Fλ(Ts), being F outλ and F inλ the simulated out-of transit and in-
transit spectra, respectively, while Fλ(T∗) is the spectrum of the non-spotted photosphere
that is retrieved from the corresponding out-of transit observation; in particular, Fλ(T∗)
is derived from Eq. (2.1), where ff and Ts are the spot parameters estimated from F outλ

as illustrated in Sec. 2.3.1, and Fλ(Ts) is interpolated from the grids of spots spectra sim-
ulated for each target of star. Therefore the method can derive both the characteristics
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of the spots and the spectrum of the non-spotted photosphere, used here to remove the
effects of the spots. Each observation is simulated at Ariel Tier 3 resolution, then F outλ ,
F inλ and Fλ(T∗) are degraded at Tier 2 resolution.

The right panels of Figures 2.10 and 2.11 show the planets’ spectra retrieved as in Eq.
(2.10), and averaged over the n observations, for the two simulated combinations of the
spots’ parameters. The results show that the correction may be marginal for hotter and
smaller spots, while it is crucial for cooler and larger spots. For the latter these cases, the
method removes the systematic overestimate of the planetary signal, thus recovering the
planetary spectrum within the noise. Furthermore, the method can distinguish the case
of primordial atmospheres (red lines) from the one with traces of water (black lines). The
standard deviations σ of the residuals of the recovered planets’ spectra, summarized in
Tab. 2.5, show that the method allows to recover the planetary signal within the 3.3%.
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Figure 2.10: Retrieved planetary spectra, uncorrected (left panel) and corrected (right
panel) for the presence of the spot, averaged over the n observations (n is reported in
Table 2.4). In each simulated observation, the spot temperature contrast is ∆T = 300
K, while the filling factor is randomly extracted from normal distributions peaked at
µff = 0.03 and having σff = 0.02. The dashed line are the input planetary transmission
spectra ελ, while the continuous lines are the retrieved spectra, without water (black lines)
and with 10−4 mixing ratio of water (red lines). The transmission spectra with water are
shifted down for clarity. For each case the residuals are expressed as percentage deviations
from the input transmission spectrum. The spectra are at Ariel Tier 2 resolutions.

However, the method presented here assumes a nominal stellar temperature and a
single dominant spot. In Sec. 2.3.3 has been shown that if the true spot distribution is
more complex and the stellar temperature is known with an uncertainty of few tens of
degrees, the method obtains a set of effective spot parameters that describe the spectrum
reasonably well. Similar results are obtained even for the planet’s transmission spectrum.
In the following, n planetary transits for each system “spotted star+planet”are simulated
under the assumption that the visible stellar disk is dominated by the presence of two
spots and, as in the previous case, that in the single observation the spots configuration
does not change but is different for different transits. For each out-of transit observation
the effective spot parameters are derived by fitting the resulting spectrum with only one
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Figure 2.11: As in Fig. 2.10 for ∆T = 1000 K and filling factor µff = 0.1.

spot; from this estimate the spectrum of the unperturbed photosphere is extracted and
it is used to retrieve the planetary transmission spectrum as in Eq. (2.10). The inferred
transmission spectra are averaged over the n observations. Fig. 2.12 shows the resulting
transmission spectra obtained for the specific case where the star is simulated with two
spots having temperature contrasts ∆T1 = 1000 K and ∆T2 = 500 K, respectively, and
filling factors randomly extracted from Gaussian distributions with mean µff = 0.02 and
standard deviation σff = 0.02 in each observation (by taking care to remove the negative
values). The planetary transmission spectrum is recovered with a spread of a few percent
from the input value, analogously to the case in which the star is simulated with only one
spot and fitted with a one-spot model.
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Table 2.5: Standard deviations of residuals of the recovered planetary signals for ff and
∆T input, corrected for the presence of non-occulted spots, in the explored cases. w is
the water mixing ratio.

w ff ∆T (K) HD 17156 b HAT-P-11 b K2-21 b

0
0.03 300 0.8% 1.8% 2.9%
0.10 1000 0.7% 1.6% 2.6%

1.2× 10−4 0.03 300 0.8% 2.1% 3.3%
0.10 1000 0.8% 2.0% 2.9%

Figure 2.12: Examples of transmission spectra (simulated with traces of water) corrected
for the presence of a spot when the star has two spots, with temperature contrasts
∆T1 = 1000 K and ∆T2 = 500 K, respectively, and filling factors randomly extracted
from Gaussian distributions with mean µff = 0.02 and standard deviation σff = 0.02 in
each observation. Each planetary spectrum is averaged over n observations (reported in
Tab. 2.4), and is at Tier 2 resolution. For each case, the percentage residuals are shown.

With a similar approach, it is possible to quantify the error that the method introduces
on the planetary spectrum extraction when the photospheric temperature T∗ is known with
an uncertainty of few tens of degrees: for each transiting system n observations have been
simulated by assuming the star with one spot having a temperature contrast of 1000 K and
a filling factor randomly extracted in each observation from a Gaussian distribution with
mean µff = 0.02 and σff = 0.02 (any negative value is removed). In all the simulated
transits the planetary transmission spectra are retrieved and averaged over the n observa-
tions. For this cases the method may introduce an error on the extraction of the planet’s
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spectrum and the size of the errors is correlated with the error of T∗, i.e. the planet’s
transmission spectrum is underestimated when the photospheric temperature is under-
estimated and vice versa, with more evident effects in the bluest photometric channels.
As an example, Fig. 2.13 illustrates the average offset of the retrieved planets’ spectra
(simulated with traces of water) in the photometric channels for different errors ∆T∗ of
photospheric temperatures. The results show that the planetary transmission spectrum is
recovered within 1.0% for photospheric temperatures errors within 10 K (comparable with
the spread of the planet’s spectrum recovered for ∆T∗ = 0), while the signal is significantly
distorted for greater errors of T∗. Therefore, the method provides the best results if the
stellar parameters are accurately known.

Figure 2.13: Average percentage offsets of the retrieved planetary spectra in Ariel photo-
metric channels for different input photospheric temperatures. ∆T∗ is the error of the pho-
tospheric temperature. The star is simulated as having a spot with temperature 1000 K
lower than the nominal photospheric temperature and with filling factor randomly ex-
tracted from a Gaussian distribution with mean µff = 0.02 and σff = 0.02. Each point
in the plot derives from the average of the planetary signal over n noisy simulations (see
Tab. 2.4).

2.4.2 Transits over-the spots

When the planet crosses a spot during the transit, a bump will occur in the transit light
curve. If the bump is clearly visible, it can be separated from the remaining transit,
thus applying the method used in the previous Section to correct the transit data points
out-of the spot crossing. However, in many cases, due to the low SNR, the bump is not
evident in the light curve. The goal of this work is not to develop a method to correct
transit depth variations due to the crossed-spot, however the method presented in the
previous Section and used to correct non-occulted spots will be extended to the cases of
a transits over the spot in order to evaluate its impact on the planet’s spectrum extraction.

For the cases of transits out-of the spots, it is not essential to know the shape of the
spots or to know how they are distributed in the visible stellar disk, but to simulate a
realistic transit over the spots some assumptions about their shape and their position
have to be made. For simplicity, the planet is assumed to cross only one spot during the
transit and the spot projection on the stellar disk is assumed to be a circle8 with radius

8Generally, the projection of a circular spot on the stellar disk is an ellipse whose semi-major axis is
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Rspot =
√
ffR∗ and it is in the transit chord, so both the spot and the planet have the

same impact parameter b, reported in Tab. 2.4. Each transit observation is simulated
with a time cadence of 100 s, assumed to be also the exposure time texp; therefore, if τ
is the transit length, N = τ [s]/texp[s] is number of points per transit. The fraction k of

these points contaminated by the spot crossing is k =
2(Rp+Rspot)

L , where L is the transit
chord length which is a function of the impact parameter b. In the hypothesis of circular
orbits and that the planet is completely inside the stellar disk during the transit, L can
be expressed as (Seager et al. 2003):

L = 2
√

(R∗ −Rp)2 − (bR∗)2 (2.11)

The star HD 17156, for instance, will have N = 149 data points per transit and, for a spot
with filling factor ff = 0.001 in the transit chord, the crossing over the spot will affect a
fraction k ∼ 2/5 of the transit data points. This fraction will be larger for larger spot sizes.

To simulate the spectra during the transit F inλ , the Eq. (2.2) is used, and the term gλ
expressing the fraction of the planet occulting the spot is simulated as in Eq. (2.6). In Sec.
2.1.2, a distinction has been made concerning the transits over the spots according to the
relative size planet-spot; here both the possible configurations are explored, by focusing
on spot filling factors in the interval [0.001, 0.02]9 and two possible temperature contrasts
for the crossed spot: ∆T = 300 K and ∆T = 1000 K. For each simulated transit, the
in-transit observation is binned with 100 s exposures, while the out-of transit observation
is integrated over a time equivalent to the transit length τ . The noise level associated to
the simulated spectra is generated from the visual magnitude V0 of the three stars and
the exposure times cited before: texp = 100 s for the in-transit and texp = τ for the out-of
transit. The planets are simulated with primordial atmospheres and traces of water. As
an example, Fig. 2.14 shows two light curves for each of the three transiting systems for
two specific configurations of the spot parameters: ff = 0.001 (left panel) and ff = 0.01
(right panel), both with ∆T = 300 K. For filling factors smaller than 0.001 (and spot
temperature contrasts ∆T lower than 300 K) the occultation of the spot is not visible in
the three light curves; for ff = 0.01 the bump due to the spot crossing is instead clearly
visible for the HD 17156 and HAT-P-11 stars, while it is, also in this case, comparable to
the noise level for the K2-21 star. This is due to the low SNR of the observation of this
star (its visible magnitude is V0 = 12.8).

the radius of the circular spot and semi-minor axis depends on the angle between the line of sight and the
normal at the center of the spot. A real spot, however, can have a more complicated shape.

9Due to the high impact parameter of both the planet and the spot, for the HD 17156 b system, a
circular spot can be entirely in the visible stellar hemisphere only if its filling factor is smaller than 0.012.
Furthermore, for the K2-21 b, the planet-to-star areas ratio is 6×10−4, so transits over spots smaller than
the planet can be analyzed by extending the explored spot filling factor interval towards smaller values.
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Figure 2.14: Transits light curves (omitting the out of transit, and ingress/egress of the
planet) of the three analyzed planetary systems in the first Ariel VISPhot channel; the
crossed spot is at half the transit time with the same impact parameter of the transiting
planet. The input transmission spectrum of each target contains traces of water. The
continuous lines mark the cases without noise. The filling factors of the spot is shown in
the header of the plot, and its temperature is 300 K cooler than the photosphere.

If the effect of the spot were not correct (e.g., because the presence of the bump have
not been detected or identified), the transit depth would be overestimated in the data
points where the spot is not occulted and underestimated in the points where the spot is
crossed by the transiting planet, with an average effect depending on the specific case. In
the following, the method described in the previous Section is extended to correct both
occulted and non-occulted spots. For spot-crossings, the Eq. (2.10) becomes:

∆Fλ
Fλ(T∗)

=
F outλ − F inλ
Fλ(T∗)

= ελ

(
1− gλ

δFλ
Fλ(T∗)

)
(2.12)

The term between parentheses in Eq. (2.12) is difficult to determine, because gλ is
hard to estimate. However, neglecting this term would lead to underestimate the planet’s
transmission spectrum extracted as ∆Fλ

Fλ(T∗)
by an amount depending on the spot tempera-

ture, gλ and Fλ(T∗). In the following this underestimate is determined for various couples
of filling factor and temperature values, in order to understand its impact with respect to
the noise level and whether it introduces a significant chromatic dependence.
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Figure 2.15: Histograms of the transit depths retrieved from Eq. (2.12) in all the exposures
for the first Ariel photometer. The illustrated case refers to the planetary system HD 17156
b, with a stellar spot 300 K cooler than the photosphere. Red color identifies the transit
data points if the spot is not crossed in any of the two simulated transits, while the other
colors identify the transit data points when the spot is crossed, for different star-disk filling
factors. The vertical dotted black line is the input transit depth. On the left the case with

ff ≤
(
Rp
R∗

)2
, on the right the case with ff >

(
Rp
R∗

)2
.

As an example, Fig. 2.15 shows the distributions of the retrieved transit depth in
all the exposures, derived from Eq. (2.12), in Ariel VISPhot channel, for the planet HD
17156 b, by simulating two transits with different spot filling factors and spot temperature
contrast ∆T = 300 K. Out of the spot crossing (red distribution) the method can correctly
retrieve the transit depth since the distribution of the retrieved results is narrow with a
well defined peak at the input value (black dotted line), while during the spot crossing
the signal is systematically underestimated and the retrieved results are distributed far
from the true value (blue and green distributions). Moreover, if the spot filling factor is
smaller than the planet-star areas ratio (left panel of Fig. 2.15) and is different between
the two transits, the distributions of the retrieved transit depths during the spot crossings
in the two cases can be clearly distinguished (blue and green distributions). Therefore,
the underestimates at each exposure are measurable, at least for this planet and with the
chosen combinations of spot parameters, and if the distribution of the recovered transit
depths is asymmetrical (with a tail towards smaller values) it is possible to identify and
remove the transit data points affected by the spot crossing.

For each ff in the interval [0.001, 0.02] and ∆T between [300K, 1000K], 1 000 transit
observations are simulated and the planetary spectrum from each transit is extracted as
described above. In the 1 000 simulated observations, the crossed spot always has the
same properties (ff , ∆T ); such an assumption does not correspond to a realistic case, but
simulating 1 000 transits ensures that the effect being measured is not dominated by noise
level, but by the spot effect. A comparison between the extracted planetary spectra and the
input planets’ spectra shows that the retrieved planetary spectrum is systematically biased
towards smaller values. This systematic underestimate is quantified in each of the 1 000
simulations by evaluating the median value M of the residuals of the retrieved planetary
spectrum computed over the entire band. As an example, Fig. 2.16 shows the retrieved
spectra of HD 17156 b for a crossed spot having ff = 0.01 and ∆T = 1000 K: the blue
region in the upper plot delimits the values within one sigma of the 1 000 derived spectra,
while the blue region in the bottom panel shows the corresponding residuals, the narrow
red area indicates the one-sigma median (M) residuals. The residuals exhibit a systematic
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underestimate mainly below 2 µm, showing a chromatic effect particularly relevant at
shorter wavelengths, where the spot-photosphere contrast is larger. The systematic offset
is relevant for the brightest targets (i.e., HD 17156 and HAT-P-11), for which the effect
is larger than the statistical noise, while it is less evident for the lower signal-to-noise
spectrum of the super-Earth K2-21 b where the statistical fluctuations are larger than the
offset.

Figure 2.16: Upper panel: The blue region marks the values within one sigma of the
transmission spectra of HD 17156 b derived from 1 000 noisy transit observations, where
the crossed spot has ff = 0.01 and ∆T = 1000 K. The black dashed line is the input
transmission spectrum. Bottom panel: the blue region shows the residuals within-one
sigma, while the narrow red region indicates the median underestimates within-one sigma
computed over the entire band.

The extension of this analysis to the three reference systems allow to identify the
median residuals for specific couples of ff and ∆T . The results are shown in Fig. 2.17,
where each colored region marks the values within one sigma of the median residuals
derived from the 1 000 simulations for various combinations of the spot parameters.
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Figure 2.17: The colored regions show the median underestimates within-one sigma ob-
tained from planetary spectra extracted from 1 000 noisy transit observations, for different
sizes and temperatures of crossed spot. The red color corresponds to ∆T = 300 K, the
blue to ∆T = 1000 K. The black dashed vertical lines represent the planet-to-star area
ratios.

This analysis shows that even in cases of bright stars, for small values of spot filling
factor ff and low temperature contrasts ∆T , the systematic bias of the retrieved planetary
spectrum may be neglected since the median bias is of about 1%, i.e. comparable to the
spread of the retrieved signal for non-crossed spots. Conversely, for high contrast spots,
the underestimates introduced by the method are larger but in these cases the bumps are
visible in the light curve and they can be removed from data, thus limiting the planet’s
spectrum extraction to the transit data points where the spot is not occulted. The effects
are never measurable for K2-21 b.

2.5 Discussions and future perspectives

In this chapter a method to extract the atmospheric transmission spectrum for systems
with transiting planets in the presence of non-occulted stellar spots has been developed.
The method consists in modeling the spot temperature and size from the out-of transit
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observations; it is proposed for the Ariel mission and tested with three Ariel’s potential
targets of planetary systems, taken from the catalogue of Edwards et al. (2019): HD
17156 b, HAT-P-11 b, K2-21 b. For each target, a set of out-of transit spectra has been
generated, under the assumption that the star has a spots’ distribution; each spectrum
is a linear combination between the spectrum of the unperturbed photosphere and spec-
tra corresponding to pieces of photosphere at cooler temperatures, taken from BT-Settl
models (Baraffe et al. 2015), as in Eq. (2.1), thus mimicking the presence of spots (for
different physical and geometric parameters) on the stellar surface and taking into account
the instrumental properties.

The method presented here consists in fitting the noisy spotted star spectra and to
recover the spots’ temperature and filling factor; in order to test the method the visual
magnitude of the three stars has been fixed at V = 9 for uniformity of SNR. The results
show that the method reliably recovers the spot’s parameters. In particular, in the cases of
low contrast between the photosphere and the spot, the studied cases show that the effect
of the noise is larger than the effect of the spot, therefore the uncertainties of the fitted
parameters are large; vice versa, for a high spot-star contrast the fitted spot parameters are
less uncertain and span smaller intervals of ff and Ts. The bluest photometric channels
contribute most to the retrieval of the spots’ parameters, because the spots’ contribution
to the stellar spectrum is larger at shorter wavelengths. As a matter of fact, Fig. 2.18
shows the scatter plot of the spots’ filling factors and temperatures retrieved when fitting
10 000 random noisy spectra in the entire Ariel wavelength coverage (orange points) and
when instead the photometric channels are removed (blue points). The results show that
the photometric channels reduce the dispersion of the fitted parameters around the true
values.

Figure 2.18: Scatter plot of the retrieved spot parameters when fitting 10 000 random noisy
spectra, simulated with a visual magnitude V = 9 and an exposure time texp = 100 s, for
each reference star (reported in the title of each plot). The orange points are obtained
when fitting the entire Ariel spectrum, the blue ones when removing the photometric
channels. The black crosses mark the input values, while each legend show the 16th, the
50th and the 84th quantiles of the fitted parameters.

Furthermore, for low temperature contrasts and small filling factors (i.e. ∆T < 300 K
and ff < 0.03), the fitted spots’ parameters show a significant dependence on the initial
condition of the fitting algorithm for the star HD 17156, making very hard to detect the
presence of such small spots with low temperature contrasts in this type of star. However,
in these cases the spot-related influence on the planetary transmission spectrum extraction
may be ignored, because comparable to the noise level.
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With this method, the analysis of the out-of transit spectra of each Ariel’s target will
lead to the systematic characterization of photospheric activity due to the stellar spots
in stars of different spectral types, providing valuable information about the temperature
and size of spots on the stellar surface. In addition, the method will help to characterize
the temporal evolution of the spots on different kinds of stars when observations at dif-
ferent epochs are compared, giving important information about some characteristics of
magnetic activity as a function of star properties.

For each target, the effect of the spots on transit simulations has been quantified,
thus evaluating in which regimes the presence of non-occulted spots significantly affect
the extraction of the planetary signal. To simulate the transits observations, the nom-
inal magnitude V0 of the three stars has been used. The results show that for small
spots 300 K cooler than the photosphere, the correction of the planetary spectrum is,
in general, not necessary for all the three analyzed cases. For higher temperature con-
trast (∆T = T∗ − Ts = 1000 K), the planetary signal is systematically overestimated if
photospheric activity is not properly corrected, especially in the visible band where the
spot-star contrast is larger. In order to correct the transit depth, the method recovers the
spectrum of the unspotted photosphere from the out-of transit observation and compare
the difference between the out-of transit and the in-transit spectrum with the spectrum of
the unspotted photosphere, as in Eq. (2.10). The main assumption of this method is that
the spots’ distribution on the visible stellar hemisphere does not significantly vary during
the transit time scale.

The method can distinguish planetary atmospheres with and without water traces,
thus showing that it is possible to recover modulations in the planet’s transmission spec-
trum comparable with the amplitude of the molecular bands of water. Furthermore, the
method is robust with respect to a realistic spots’ distribution, demonstrating that in the
case of a two-spots system, the retrieved “effective” spots’ parameters allows to correctly
extract the planetary spectrum. Moreover the method works better when the stellar pa-
rameters are better characterized. This result strongly shows the need to have a reliable
and uniform characterization of the Ariel stellar targets parameters.

Finally, the method, developed to correct for non-occulted spots, has been extended
to transits over the spots, in order to understand the regimes for which the correction
also works for spot crossings. The results are given as a function of the spot parameters.
For the cases of high SNR (HD 17156 and HAT-P-11 planets) and with a high contrast
spots, the method underestimates the planetary signal; the bias is here identified as the
median value of the residuals of the retrieved planetary signals. Furthermore, in these
cases, the residuals show spurious slopes below 2 µm, where the distortions of the stellar
spectrum due to the spot increase. However, the underestimate is small, comparable with
noise, when the temperature contrasts and the filling factors are small, while for higher
contrast spot the underestimate is significant, but the bump in the transit light curve is
well evident, can be identified and removed from the data. These effects are indistinct for
the planet K2-21 b due to the very low SNR.

The stellar activity model presented in this chapter is based on the assumption that the
stellar activity is dominated by stellar spots and does not take into account other effects
arising from stellar activity or the limb darkening effect. For instance, the model does not
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include the effect of faculae, which are hotter regions of the photosphere with an effect on
the transit depth determination opposite than the effect introduced by spots. Furthermore,
the spots described in the model are presented as zones of the photosphere with a lower,
but uniform temperature within the entire spotted area, not distinguishing between the
umbra (colder inner region) and penumbra (outer region with an intermediate temperature
between the umbra and the photosphere). A model that takes into account such spots
may not be useful for stars observed by Ariel, where we have no spatial resolution and
the spots can be well-represented by a model that takes into account their average effect
(from umbra and penumbra) on the resulting spectrum. Rather, it may be interesting to
test the effects due to faculae on the transit depth and to include the limb darkening effect
in the model of the stellar activity. For this reason, in the next chapter the model of the
stellar activity will be improved and made more detailed, by including the limb darkening
effect, thus following the idea behind this project to introduce step by step other elements
into the stellar activity model.
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Chapter 3

Correcting the effect of stellar
activity on Ariel transmission
spectra II. The limb darkening
effect

In continuity with the previous chapter, here a more complete model of the stellar activity
will be presented, by taking into account a new aspect, i.e. the non uniform emission from
the star when moving from the center to the edges of the star: the limb darkening effect.
This chapter will present the main results reported in the paper Cracchiolo et al. (2021b)
- henceforth Paper II - that, together with Cracchiolo et al. (2021a) - Paper I -, is part of a
project for the extraction of the transmission spectrum of a transiting planet in the pres-
ence of stellar activity-related phenomena on the host star. The idea behind the project
is to introduce, step by step, so as to ascertain carefully their effect, other components in
the stellar activity model and, in this chapter, the role of the limb darkening effect will be
described.

In Paper I, the assumption of a uniform emission from both the spot and the quiet
photosphere has allowed to define the spots in terms of two parameters, i.e. the fraction
of the spotted stellar disk (filling factor) and the spot temperature, and to model the
stellar activity due to the star spots from the out-of transit observation in terms of these
two parameters. This info is used to recover the planet transmission spectrum during the
transit, in the hypothesis of a stellar disk with a uniform emission. With this assumption
the transit depth depends uniquely on the planet-to-star areas ratio and not on other
orbital parameters of the transiting system. Paper I showed that if the spot filling factor
is greater than 0.02 and the spot temperature is at least 300 K cooler than the photo-
spheric temperature it is necessary to correct the spectrum in order to reliably extract
the transmission spectrum of the transiting planet. However, ignoring the limb darkening
effect may limit the capability to correctly retrieve the spot parameters and, consequently,
to derive the planetary transmission spectrum (as will be discussed in this chapter).

Here the limb darkening effect is included, therefore the star has a non uniform emis-
sion, and both the position of the spot and the planet impact parameter become crucial
parameters. In continuity with what done in Paper I, a stellar activity model with one
dominant spot on the visible stellar hemisphere is adopted, but, in addition to its filling
factor and its temperature, the spot is now characterized by its position on the stellar
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disk, here parameterized in terms of the distance between the center of the spot and the
center of the disk. Therefore, the spot is now characterized by three parameters (no longer
two). In analogy with Paper I, an approach to retrieve the spot parameters from the out-of
transit observation is presented, by comparing the out-of transit observation of a star with
a 3-d grid of stellar spectra specifically generated for that target, where each element of
the grid represents a specific spot on the disk characterised by a filling factor, temperature
and distance from the stellar disk center.

The limb darkening effect changes the shape of the primary eclipse light curve, as
the planet occults portions of the stellar disk with a non-uniform emission, therefore the
transit profile is determined not only by the planetary radius (as assumed in Paper I), but
also by the limb darkening profile of the star, as well as by the orbital parameters of the
transiting system. For this reason, simulations of realistic light curves of transiting planets
are required. The presence of spots and, more in general, of stellar activity phenomena,
induces chromatic perturbations of the transit profile (e.g., Pont et al. 2013; Rackham
et al. 2018; Sing et al. 2011a), therefore it may affect not only the determination of the
planetary radius with a wavelength-dependent effect but also the derivation of the orbital
parameters and parameterization of the limb darkening effect.

This chapter quantifies the effect of the spots on the derivation of the transmission
spectrum and of the impact parameter of a transiting planet, in the assumption that all
the other orbital parameters (semi-major orbital axis, orbital period, mid-transit time)
of the transiting system are known and fixed and presents a method to retrieve both the
planet transmission spectrum and its impact parameter in the presence of spots, that con-
sists in modeling the flux from the quiet photosphere blocked by the transiting planet. The
approach is based on the assumption that the spot evolves on a time scale much longer
than the transit duration (as discussed in the previous chapter), so that, if the spot is not
crossed during the transit, the spot influence may be removed when subtracting the out-of
transit stellar flux from the entire transit observation. The method allows to retrieve the
planet transmission spectrum and its impact parameter: the latter was not determined in
Paper I as the transit profile was assumed to depend only on the ratio between the planet
and the star areas at each wavelength.

The approach is tested on realistic simulations of Ariel observations of the three targets
of planetary systems simulated in Paper I (HD 17156 b, HAT-P-11 b, K2-21 b), chosen
to sample a range of exoplanetary and stellar conditions and simulated with the Ariel
radiometric model (Mugnai et al. 2020). Also in this case, the simulations are degraded
at Tier 2 resolutions (Tinetti et al. 2016).

3.1 Models and simulations

This Section contains a detailed description of the modeling of transit observations in the
simultaneous presence of spots having different sizes, temperatures and positions on the
stellar disk, taking into account the limb darkening effect, in order to understand their
impact on the retrieval of the planetary transmission spectrum.
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3.1.1 The limb darkening effect

The limb darkening effect is the optical effect where the intensity of the central part of
the stellar disk appears higher than the edge and it is the consequence of two aspects:
the optical depth, i.e. a measure of the opacity of the gas in the star, and the effective
temperature gradients inside the star. The star light seen is the integral of all emission
along the line of sight modulated by the optical depth: an optical depth of one is a layer
of gas thick enough to allow only a fraction of photons, equal to 1/e, to escape. This is
what defines the visible edge of a star, because at an optical depth of 1 the star becomes
opaque. The radiation that reaches the observer can therefore be approximated with the
sum of all the radiations emitted inside the star along the line of sight, up to the point of
unitary optical depth. When looking towards the center of the star, the star will be seen
up to that depth. If the star is observed at the edge, it is not possible to descend as much
below the surface, because the line of sight will have to pass through a greater layer of gas
(see Fig. 3.1).

Figure 3.1: An idealized case of limb darkening. The outer boundary is the radius at
which photons emitted from the star are no longer absorbed. L is a distance for which
the optical depth is 1. High-temperature photons emitted from point A will just barely
escape from the star, as will the low-temperature photons emitted from point B.

In other words, the stellar radius corresponding to a unitary optical depth grows when
moving from the center to the edge of the star. The second effect is the fact that the
temperature of the stellar atmosphere typically drops away from the center of the star.
The radiation emitted by a gas is strongly dependent on its temperature. This means
that, when the line of sight is directed towards the center of the star and therefore reaches
a greater depth, the radiation emitted by a warmer, and therefore brighter, layer of gas
will be seen. On the contrary, if the line of sight is directed at the edges of the star, the
emitted energy comes from cooler parts of the star, resulting in less total energy reaching
the viewer. The effect is dependent on wavelength.

A long list of analytical forms, so-called limb-darkening laws, has been proposed in the
literature to approximate the stellar intensity profiles (e.g., see Claret 2000, 2004, 2008,
2017; Claret et al. 2003; Morello et al. 2017). Here the intensity profiles are approximated
with the four-coefficients law proposed by Claret (2000), since it is currently the most
precise analytical representation of the limb darkening (Howarth 2011; Morello et al.
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2017):

Iλ(µ)

Iλ(1)
= 1−

4∑
n=1

an,λ(1− µn/2) (3.1)

where:

– λ indicates a specific spectral bin/passband;

– µ = cos θ, being θ the angle between the line of sight and the normal inward direct
the stellar surface (see Fig. 3.2);

– Iλ(µ) is the stellar intensity profile and Iλ(1) is the intensity at the center of the
disk (µ = 1);

– an,λ are the limb darkening coefficients (LDCs).

Figure 3.2: Geometry of limb darkening. The star is seen edge-on, with the observer on
the right. R∗ is the star radius, θ is the angle between the observer and the normal to the
stellar surface in the observation point, µ = cos θ, r is the radial distance (normalized to
the stellar radius) of the observation point.

Eq. (3.1) describes the intensity profile as a function of the variable µ, which is related
to the radial coordinate in the projected stellar disk by the relation r =

√
1− µ2, being

r = 0 at the center and r = 1 the stellar disk radius. Eq. (3.1) is adopted to describe the
intensity at a given distance from the center of the stellar disk, for both the spots and the
photosphere. The database PHOENIX-2012-13 (Claret et al. 2012, 2013) of the ExoTETHyS

package1 (Morello et al. 2020) is used to derive the LDCs. Models in the PHOENIX-2012-13
database are parameterized as the BT-Settl models in terms of the effective stellar tem-
perature (Teff), the stellar surface gravity (log g), and the stellar metallicity ([M/H]): Teff

spans the range 3000 − 10 000 K, log g the range [0.0 − 6.0] and, as above, [M/H] = 0.
This library has been chosen because it covers the Ariel wavelength coverage and because
it includes low temperatures2, useful for the simulation of cool spots. Since the purpose
of this work is to analyze Ariel spectra, the ArielRad software simulator will be used in
order to have realistic simulations. As mentioned in Sec. 1.2.4.4, ArielRad reads input
spectra with a spectral resolution R=6 000 in a fixed grid of spectral bins, therefore for

1https://github.com/ucl-exoplanets/ExoTETHyS/.
2A new grid Phoenix-drift-2012 (Claret et al. 2012, 2013) has been recently developed which reaches

down to 1500 K.
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each bin in this grid the corresponding LDCs will be derived. It should be stressed that in
addition to the stellar model and the spectral bins, ExoTETHyS requires the instrumental
response (including the transmission of the optics and the quantum efficiency of the de-
tectors). However, in order to download the LDCs, the instrumental response is ignored.
The latter will be included by ArielRad once the spatially integrated stellar spectrum is
built.

3.1.2 Stellar atmosphere models

The stellar atmospheres are simulated with the models in the BT-Settl library3 (Baraffe
et al. 2015). A more detailed description of this library can be found in Sec. 1.2.4.4, when
describing the stellar atmospheres models read in input by ArielRad. In this chapter,
models with log g = 4.5, i.e. with Sun-like surface gravity, will be used to simulate both
the spots and the photosphere. The BT-Settl models are not spatially resolved and give
the stellar flux already integrated over the entire surface. From the ExoTETHyS package
the normalized intensity profiles as in Eq. (3.1) are derived; the absolute intensity profiles
Iλ(µ) are derived by imposing Eq. (3.2), i.e. that the stellar flux integrated over the stellar
disk with the intensity profile in Eq.(3.1) is equivalent to the flux Fλ from the BT-Settl
models, both obtained with the same set of stellar parameters:

Fλ = 2π

∫ 1

0
Iλ(r)rdr = 2π

∫ 1

0
Iλ(µ)µdµ (3.2)

The last equality in the previous equation is obtained with the change of variable

r =
√

1− µ2 (3.3)

and is demonstrated in Appendix A.2.1. By replacing in Eq. (3.2) the expression of
Iλ(µ) in terms of the LDCs an,λ of Eq. (3.1):

Iλ(1) =
Fλ

2π(1
2 −

a1,λ

10 −
a2,λ

6 −
3a3,λ

14 −
a4,λ

4 )
(3.4)

By replacing Iλ(1) in Eq. (3.1) with its expression in Eq. (3.4) the absolute intensity
profiles Iλ(µ) can be found.
The spectra from the BT-Settl grid and the LDCs from the PHOENIX-2012-13 models are
downloaded for temperature values in the interval 3000 − 6100 K, with a sampling step
∆T = 100 K. For temperatures that are not in this grid, the stellar spectrum and the
corresponding set of LDCs are derived by linearly interpolating models in the BT-Settl
and PHOENIX-2012-13 grids with the closest temperatures.

3.1.3 The ring integration

The stellar spectrum is obtained by summing the fluxes coming from N equally spaced
annuli (with a step ∆r). Each annulus has radius ri and represents a rectangle with basis
2πri and height ∆r (see Fig. 3.3).

3https://phoenix.ens-lyon.fr/Grids/BT-Settl/.
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Figure 3.3: Scheme of ring integration. The dashed line marks the outer edge of the star,
∆r is the width of each annulus.

The absolute intensity profile Iλ is obtained from Eq. (3.1), by changing the indepen-
dent variable from µ to r, and by making it discrete.The total flux F ′λ, integrated over the
whole stellar disk, is:

F ′λ =
N∑
i=1

Iλ(ri)(2πri)∆r (3.5)

The finer the grid is, the more accurate the ring integration will be as the integrated
flux F ′λ will be more similar to the original phoenix flux Fλ. Fig. 3.4 shows the ratios
between the integral flux F ′λ obtained with the ring integration by using N=5 000, 10 000,
20 000 annuli, respectively, and the Phoenix model Fλ (already integrated over the stellar
disk). For N=10 000 annuli, this ratio is under 3 ppm, therefore, the choice of 10 000
annuli allows to achieve an accuracy on the integrated flux ∼ 10−6 in a Sun-like star, at
least in the Ariel wavelength coverage. Achieving higher accuracies is not necessary for
Ariel as its noise floor is conventionally set to 20 ppm. From now on the flux obtained by
the ring integration will be indicated with Fλ.

Figure 3.4: Ratios between the fluxes obtained from the ring integration and the corre-
sponding Phoenix model for a Sun-like star. The color code is specified in the legend.

3.1.4 Active star models

The presence of spots on the stellar surface breaks the radial symmetry of the intensity
profile Iλ(r). The spots are modeled as circular structures on the stellar surface (see,
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e.g., Montalto et al. 2014) at temperature Ts lower than the photospheric temperature
T∗, having radius rs (normalized to the stellar radius). The filling factor of the spot is
here defined as the ratio between the circular spotted area and the projected stellar disk
(ff = r2

s). The geometric projection of the spot on the stellar disk is an ellipse, whose
eccentricity depends on the fractional distance d between the spot and the disk centers
(see Appendix A.2.2). Therefore, also the filling factor of the projected spot will depend
on the eccentricity of the projected spot.

The out-of transit stellar flux F outλ is obtained with a ring integration, i.e. dividing
the stellar disk in N = 10 000 equally spaced annuli and summing the contribution from
each annulus, as shown in Sec. 3.1.3.

F outλ is obtained with the following equation:

F outλ =

N∑
i=1

Iλ(ri) · 2πri ·∆r (3.6)

where ri is the central radius of the ith annulus, ∆r is the distance between two neighboring
annuli, and:

Iλ(ri) = f(ri) · Iλ(ri, Ts) +
(

1− f(ri)
)
· Iλ(ri, T∗) (3.7)

The term f(ri) is the fraction of the ith annulus covered by the spot, while Iλ(ri, Ts)
and Iλ(ri, T∗) are the intensity values of the spot and of the star, respectively. The differ-
ence with respect to the model described by Eq. (2.1) in the previous chapter is that the
sum between the emission of the spot and of the photosphere is done separately for each
annulus. In this analysis the four-coefficients limb darkening law in Eq. (3.1) is assumed
to simulate the intensity profiles of both the spot and the photosphere (a similar approach
is used in Csizmadia et al. 2013), but the set of LDCs is different for the spots and the
photosphere, since it depends on the specific temperature. Each fraction f(ri) depends on
the filling factor of the spot and its distance from the disk center and is, here, analytically
computed (the detailed calculations are reported in Appendix A.2.2). As an example, Fig.
3.5 shows the normalized intensity profile in two different spectral bins in a Sun-like star
having a circular spot with ff=0.05, at a distance d=0.5 R∗ from the star center and a
temperature 1000 K lower that the photospheric one. It should be stressed that both the
limb darkenig effect and the spot influence become less evident at longer wavelengths.
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Figure 3.5: Representation of the stellar disk of a Sun-like star with one spot at a distance
d=0.5 R∗, with ff=0.02 and with a temperature contrast T∗−Ts = 1000 K (left-hand side
panel). Normalized intensity profile in two different spectral bins, specified in the legend.

Eq. (3.7) can be extended to the case of M non-overlapping circular spots as:

Iλ(ri) =
M∑
j=1

f j(ri) · Iλ(ri, Ts) +
(

1−
M∑
j=1

f j(ri)
)
· Iλ(ri, T∗) (3.8)

where the j index runs over the M spots.

3.1.5 Active star model during primary eclipse

The planetary transits are simulated with pylightcurve 4.0.14 (Tsiaras et al. 2016), a
python package for modeling and analysing transit light curves. pylightcurve implements
the analytical solution of Mandel et al. (2002) to compute the fractional dimming of the
stellar flux δλ due to the transiting planet in a star without photospheric inhomogeneities.
The package uses the orbital parameters of the transiting system (orbital period P , ratio
a
R∗

, being a the semi-major orbital axis and R∗ the stellar radius, eccentricity e, inclination
i, argument of the periastron Ω, and transit mid time), the planet to star radii ratio, and
a well-defined limb darkening law. Here the orbital parameters of the three reference
planetary systems are taken from the catalogue of Edwards et al. (2019) and are shown in
Tab. 3.1. The orbital eccentricity of the three planets is set to e = 0. Since the planet has
an atmosphere, a wavelength-dependent planet to star radius ratio is used. In particular,
the planetary transmission spectra are simulated with TauREx5(Al-Refaie et al. 2021,
by assuming, as in Paper I, primordial atmospheres with traces of water (having volume
mixing ratio w = 10−4). The limb darkening profile is simulated with the Claret-4 law in
Eq. (3.1).

In the presence of a spot on the stellar disk, the in-transit stellar flux F inλ is expressed
as:

F inλ = F outλ − δλ(t) · Pλ(T∗) + Γλ(T∗, t)− Γλ(Ts, t) (3.9)

where the first term is the out-of transit observed flux from Eq. (3.6), δλ(t) is the frac-
tion of non spotted flux occulted by the planet at a time t, simulated with pylightcurve,

4https://github.com/ucl-exoplanets/pylightcurve.
5https://github.com/ucl-exoplanets/TauREx3_public.
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Table 3.1: Parameters used to simulate the planetary transmission spectra and the transit
light curves of our reference planetary systems. (Rp/R∗)

2, Mp, Teq, P , a
R∗

, i, the Transit
Mid Time (in unit of Julian Date) and the K magnitude are taken from the catalogue of
Edwards et al. (2019). b is the impact parameter of the transiting planet, derived from
Eq. (3.14), PS is the stellar rotation period, and n is the number of transits required to
observe a primordial atmosphere on each target, if SNR> 7.

Transmission spectrum Transit light curve

Planet (
Rp
R∗

)2 Mp Teq P a
R∗

i b Transit Mid Time K mag PS n

(%) (MJ) (K) (d) (◦) (JD) (d)

HD 17156 b 0.5 0.3 904 21.2 23.3 87.82 0.89 2458503.7 6.8 28.6(a) 2

HAT-P-11 b 0.33 0.05 847.8 4.9 16.6 88.3 0.5 2458489.2 7 29.2(b) 3
K2-21 b 0.06 0.01 647.2 9.3 25.2 88.98 0.45 2456989.4 9.4 − 184

(a) Zoghbi (2011); (b) Bakos et al. (2010).

Pλ(T∗) is the photospheric flux integrated over the whole stellar disk, while the terms
Γλ(T∗, t) and Γλ(TS , t) are the fluxes of the photosphere and of the spot coming from the
region where the spot and the planet overlap:

Γλ(T, t) =
N∑
i=1

cλ(ri, t) · Iλ(ri, T ) · 2πri ·∆r (3.10)

being cλ(ri, t) the fraction of the ith annulus intercepted by the occulted spot at time
t. The fraction cλ(ri, t) is computed analytically in the hypothesis of circular spots with
elliptical projections (see Appendix A.2.3). Eq. (3.9) can be easily generalized to the case
of M non-overlapping circular spots; in this case F outλ is generalized as described in Sec.
3.1.4, while the last two terms refer to the crossed spot.
Eq. (3.9) assumes that the spot pattern during the transit observation does not change
and this is a reasonable assumption for the stars simulated here, since the spot variability
is modulated on a time scale comparable to the stellar rotation period PS , that is much
longer than the transit duration (see Tab. 3.1). Under this assumption, the first term
F outλ in Eq. (3.9) does not vary during the transit observation. If instead the star rotated
quickly, the spot would move during the transit, causing significant variations of the ob-
served stellar flux due to the spots modulation (e.g. Ioannidis et al. 2016; Silva-Valio et al.
2010).

Here, the light curves are simulated with a frequency of 1 data point every 100 s in
all Ariel channels, by assuming that the total transit observation is 2.5 times the transit
duration T14

6 (ESA/SCI(2020)1).

3.2 Methods

In this Section I assume a model of stellar activity with one dominant circular spot and
I present a method to characterize the geometrical and physical properties of this “effec-
tive”spot from the out-of transit observation, taking into account for the limb darkening.
In addition, the effect of the star spots in the extraction of a planet transmission spectrum
is quantified and a method to correctly derive the transmission spectrum for transits in

6Here the common nomenclature to indicate the time interval between the first and fourth contact of
the stellar and planetary silhouettes as T14 is followed (Seager et al. 2003).

77

https://sci.esa.int/documents/34022/36216/Ariel_Definition_Study_Report_2020.pdf


the presence of star spots is presented.

The approach presented in this chapter is an upgrade of that used in the Paper I
discussed in the previous chapter, where the star was assumed to be dominated by star
spots, on the hypothesis of a uniform emission from both the star and the spot. The spots
were simulated as pieces of the photosphere at lower temperature and covering a fraction of
the stellar disk, so they were characterized by two parameters: temperature and projected
filling factor. The latter were retrieved by comparing the observed out-of transit stellar
flux with a 2-d grid of stellar spectra, specifically built for the observed target, where each
spectrum was obtained with a specific combination of the two spot parameters. These
parameters were used to recover the transmission spectrum of the planet from the in-
transit observation, on the assumption that the transit depth was uniquely dependent on
the planet-to-star area ratio at each wavelength. The latter assumption was valid because
the limb darkening effect was neglected. In this chapter, I add the limb darkening effect
in the model of the stellar activity, therefore the star is not modeled as a uniform disk,
and both the distance d of the spot from the center of the stellar disk and the impact
parameter b of the transiting planet become important. The main steps in this work are:

1. creating a 3-d grid of out-of transit stellar spectra with spots having different tem-
peratures, filling factors and positions on the stellar disk;

2. fitting the observed out-of transit spectrum over this grid to retrieve the spot pa-
rameters;

3. subtracting the average out-of transit spectrum from the observation, thus obtaining
the spectra from the regions of the stellar surface obscured by the planet;

4. fitting the geometric parameters ((Rp/R∗)
2 and the planetary impact parameter b)

that best reproduce the resulting time series of difference spectra. Also the cases of
crossed spots will be detailed in Sec. 3.2.2;

5. evaluation of the effectiveness of the method.

3.2.1 Retrieval of the spot parameters

For each reference star, a 3-d grid of out-of transit stellar spectra is built, each mimicking
the star with one dominant circular spot as in Eqs. (2.1) and (3.7) with different combina-
tions of d, ff and Ts. Similarly to Paper I, the term “spectrum”refers to the combination
of photometric and spectral measurements. The analyzed intervals are reported in Tab.
3.2 for each target. The lower limit for the spot temperature (Ts = 3000 K) is imposed by
the grid of models PHOENIX-2012-13 implemented in ExoTETHyS. A circular spot having
filling factor ff , has an elliptical projection on the star disk whose eccentricity depends
on its distance d from the star disk center (see Appendix A.2.2), so its effective filling
factor, i.e. projected on the stellar disk, will be ffeff = ff

√
1− d2. Furthermore, spots

in the grids with ff < 1−d
1+d are entirely on the stellar disk, the others only partially. Each

grid is simulated at Ariel Tier 2 spectral resolutions with the ArielRad simulator (see Sec.
1.2.4.4) and each spectrum in the grid is in unit of counts (electrons) per second.

These grids of models are used to fit a “noisy”out-of transit spectrum and to derive
the best-fit spot parameters that minimize the residuals between the observed spectrum
and the grid of models, similarly to what was done in Paper I. The fitting algorithm is
implemented with the lmfit python package (Newville et al. 2014), that provides simple
tools for non-linear optimization problems. The fitting algorithm uses as input model a
function that interpolates the spectra in the grids, it computes the residual S between the
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Table 3.2: Summary of the spot parameters (Ts, ff and d) used to build the 3-d grid
of out-of transit stellar spectra for the three reference stars, with the corresponding steps
(δTs, δff , δd). The step in filling factor is 0.1% for 0.1%< ff ≤1%, 1% for 1%< ff ≤10%,
and 10% for 10%< ff ≤50% . The metallicity and the surface gravity for both the spot
and the quiet photosphere are set to the solar ones. T∗ is taken from the catalogue of
Edwards et al. (2019).

Star Spectral Type T∗ Ts δTs ff δff d δd
(K) (K) (K) (%) (%) (R∗) (R∗)

HD 17156 G0 6040 4000− 6000 100 0.1− 50 0.1; 1; 10 0− 0.95 0.05
HAT-P-11 K4 4780 3000− 4700 100 0.1− 50 0.1; 1; 10 0− 0.95 0.05

K2-21 M0 4222 3000− 4200 100 0.1− 50 0.1; 1; 10 0− 0.95 0.05

observation F obsλ and the interpolated model Mλ(d, ff, Tspot) as follows:

S =
∑
λ

(F obsλ −Mλ(d, ff, Tspot))
2 (3.11)

and minimizes it with the least-squares method in order to find the best-fit values of the
spot parameters. In order to interpolate the spectra in the grids, a quadratic interpolation
is used, implemented with the scipy python package (Virtanen et al. 2020). The interpo-
lation of the grids makes the solution for the best-fit parameters continuous, therefore it
is not constrained on the grid nodes. Boundary conditions for the spot parameters to be
fitted are imposed, i.e. that the best-fit solution is within the 3-d domain.

The method is tested on realistic Ariel observations, simulated from a stellar spectrum
with an assigned combination of the spot parameters (dinput, ffinput, ∆Tinput = T∗− TS),
where the noise level is generated with the Eq. (1.7), by assuming texp = 100 s. For each
combination of values for dinput, ffinput, ∆Tinput, 1 000 noisy spectra are simulated and
for each spectrum the fitting algorithm is run, by taking care to normalize the simulated
spectra (in unit of counts) and the spectra in the grids (in counts/sec) to their integrated
fluxes. The method is tested on different combinations of the input spot parameters:
dinput = [0, 0.2, 0.4, 0.6, 0.8]R∗, ffinput = [0.01, 0.02, 0.05, 0.1], ∆Tinput = [500, 1000, 1500]
K7.

As an example, Fig. 3.6 shows the retrieved spot parameters for the star HD 17156, for
dinput = 0.4R∗ and different ffinput, ∆Tinput, represented in each subplot by a black cross.
For each case, the scatter plot with the chromatic scale of colors from red to blue represents
the three best-fit parameters recovered in each specific case.The color code represent the
retrieved distance. For all the cases, the anti-correlation between the estimated spot filling
factor and its temperature contrast found in the previous chapter is confirmed; in addition,
the derived filling factor is correlated with its estimated distance from the center, because
the same result is obtained by a spot closer to the limb with a larger filling factor.

7For K2-21 the case with ∆Tinput = 1500 K cannot be tested due to the lower limits of the
PHOENIX-2012-13 grid.
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Figure 3.6: Retrieved spot parameters from simulations of the star HD 17156 with one
dominant spot at dinput = 0.4R∗ and different ffinput, ∆Tinput, represented in by black
crosses. The chromatic scatter plot with the scale of colors, from red to blue, represents
the best-fit parameters recovered in each case if a 3-d model is used (the color code
represent the retrieved spot distance). The green scatter plot represents the retrieved
spot temperature and filling factor when the noise spectra are fitted with a 2-d model
neglecting the limb darkening.

Similar results are obtained for other input distances. As a matter of fact, Fig. 3.7
shows the statistical analysis of the results of the fitting algorithm, applied to the simula-
tions described above for the star HD 17156: the black points and the black bars show the
median values, the 16th and 84th quantiles of the 1 000 best fit temperatures, respectively.
The spot temperature distribution is peaked around the input spot temperature when the
spot filling factor is greater than 5% and its distance from the star center is greater than
0.4 R∗. In the other cases, the spot temperature contrasts are overestimated or under-
estimated compared to the input (black dashed line), with a strong anti-correlation with
the estimated filling factors. As expected, the algorithm gives reliable results when the
inhomogeneities are strong as in the cases of high contrast/high filling factor spots or close
to the limb.

In order to understand which are the intervals of the parameters where it is necessary
to take into account the limb darkening, each spectrum, simulated with a realistic limb
darkening profile, is fitted over a 2-d grid of spectra built with spots of different tem-
peratures and filling factors, and limb darkening effect neglected. In order to compare
the results with those obtained from the 3-d fitting procedure, it should be stressed that
the 2-d fitting algorithm gives as output an effective filling factor, already projected on
the stellar disk, while the 3-d fit returns as best-fit filling factor the ratio between the
circular spotted area and the projected star disk. To compare the two cases the best-fit

filling factor from the 3-d fitting procedure has to be scaled for a factor
√

1− d2
input, being

dinput the distance of the input spot from the star center. The best fit filling factors and
temperatures retrieved from the 2-d model are reported in Fig. 3.6 with a green scatter
plot. Overall, the parameters recovered with the 2-d model are such that the filling fac-
tors are overestimated and the temperature contrast underestimated, relative to ffinput
and ∆Tinput: the spot is in a central region of the stellar disk and it tends to occult
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a portion of stellar flux on average larger than that observed in a star with a uniform
emission, therefore the estimated filling factor is larger than the input one, with a conse-
quent underestimate of the temperature contrast. The opposite will happen if the spot
is at a distance dinput > 0.8R∗. These results are reported in Fig. 3.7, where the red
points and red bars represent the median values, the 16th and 84th quantiles of the of the
1 000 retrieved temperatures from the 2-d fitting algorithm. A comparison between the
results from the two algorithm shows that when the input spot has a ff < 0.02 and is
at d ∼ 0.6R∗, the median values of the distributions obtained from the two fits tend to
coincide, thus showing that d = 0.6R∗ is an “effective”distance in which the two methods
give similar results, i.e. the limb darkening effect is negligible. For larger filling factors,
the fitting performed by neglecting the limb darkening effect, introduces systematic offset
in the recovered values. Analogous results are obtained for the other two stars in our
sample.

In Sec. 3.2.2, this fitting algorithm will be used to model the stellar activity due to
the presence of spots from the out-of transit observations in order to extract the planetary
transmission spectrum.
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Figure 3.7: Spot temperature contrasts estimated from our fitting algorithm vs. input
spot temperature contrasts for the star HD 17156, when testing cases with different filling
factors and spot impact parameters. For each spot, 1 000 random realizations of noisy
spectra with 100 s exposures, are simulated. Plots in the same column are obtained from
spots at the same distance from the center (specified in the upper legends), plots in the
same row are obtained from the same input ff (shown in the left legends). The black
points and the black bars show the median values, the 16th and 84th quantiles of the best
fit temperatures when fitting the 1 000 random realizations for the spot impact parameter,
filling factor and temperature. The red points and the red bars refer to the best fit spot
temperatures when fitting the resulting spectra by neglecting the limb darkening. The
black and red bars are horizontally shifted for clarity. The black dashed line shows the
expected temperature contrasts in the absence of noise.

3.2.2 Retrieval of the planet’s transmission spectrum and the impact
parameter

As done in Paper I, a method to extract the transmission spectrum of a transiting planet
in the presence of star spots is developed and tested on Ariel simulations. Since Ariel will
observe a sample of known extrasolar planets, it is a reasonable assumption to assume that
the orbital period P and the transit mid time are known, so they can be considered fixed
in the fitting process. Furthermore, the planets are assumed to be in circular orbits, and
by having an accurate estimate of the stellar mass, it is possible to derive the semi-major
axis a from the Kepler’s third law and to assume it as fixed. The photometry of the plan-
etary transits also gives some constraints on the impact parameters and the radii of the
planets that Ariel will observe, but in the method presented here they will be considered
free parameters as the main goal of this work is to assess if the presence of the spot may
have a significant effect on the determination of these two parameters and if the method
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can remove these systematics.

The method is based on the hypothesis that the spotted area can be assumed constant
during both the transit and the immediate out-of transit and this is a reasonable hypoth-
esis for the majority of systems as the spot variability is modulated on time scales much
longer than that of the typical transit. Under this hypothesis, if the planet transits out of
the spot, the latter can be removed when subtracting the out-of transit stellar flux F outλ

from the transit observation F inλ . The difference F outλ −F inλ gives the unperturbed photo-
spheric flux blocked by the transiting planet at each wavelength. The method consists in
comparing the resulting time series of different spectra F outλ − F inλ with a grid of models
each describing the variation of the photospheric flux δλ(t) · Pλ(T∗) over time due to a
transiting planet with an assigned planetary radius RP and an assigned impact parameter
b. The terms δλ(t) ·Pλ(T∗) are computed with the pylightcurve package (see Sec. 3.1.5)
by varying the position of the planet every 100 s, i.e. the same step used to simulate
the transits. The grid is strongly dependent on the adopted set of stellar parameters (T∗,
log g, [Fe/H]) used to model the quiet photosphere of the target to be observed, so the
method requires an accurate characterization of the stellar parameters. On the other side,
the advantage of this approach is that any influence of the spot on the LDCs is taken into
account, because only the non-spotted flux is modeled.
In the grids, b spans the interval [0− 1] with a step 0.1 for b <= 0.7 and 0.01 for b > 0.7:
the grids are finer for high impact parameters as the intensity decrease due to the limb
darkening is very steep in this region. The planetary atmospheres simulated here extend
for about 10 scale heights, so the grids span an interval of [0− 15] scale heights with steps
of 1.5 scale heights above the photometric estimate of the planetary radius.
At first, the grid, integrated over the entire Ariel wavelength coverage, is used to fit the
white time series F outλ − F inλ and to derive the best-fit effective planetary radius and the
planet impact parameter b, by using the same algorithm described above. Then, the value
of the planet impact parameter b is fixed at the value previously found, and a wavelength
dependent fitting of F outλ −F inλ is performed to derive the best-fit planetary radius at each
wavelength (i.e. the planet transmission spectrum).

When the planet crosses a spot, it will block a fraction of the unperturbed photospheric
flux and a fraction of flux from the spot (Espinoza et al. 2019; Sanchis-Ojeda et al. 2011),
thus producing an upward bump in the transit light curve. At first a criterion to detect
and remove the bump from the wavelength integrated light curve is established (described
in Sec. 3.3.4). A fit of the white time series F outλ − F inλ , where the bump is removed,
is performed in order to derive the planet impact parameter with the method described
above. Then, a chromatic fit of F outλ −F inλ is performed to derive the planet transmission
spectrum. In the last fitting the bump is included, but, for the cases of spot crossing
events, the approach is further simplified, by assuming not to have any emission from the
spot, so that: in the transit data points out-of the spot crossing, the planet will block a
fraction of flux from the photosphere equal to δλ(t) ·Pλ(T∗), while during the spot crossing
only a portion will be occulted. The fraction of the missing photospheric flux is indicated
as gλ(t) and modeled with a wavelength-dependent factor following a Gaussian profile:

gλ(t) = A · exp

(
(t− t0)2

B2

)
(3.12)

where the three free parameters A, t0 and B are wavelength-dependent. A represents
the maximum fraction of unperturbed photospheric flux non blocked by the planet, t0
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is the time of the maximum spot occultation, while B is the time length of the spot
occultation. The factor gλ(t) is expected to depend on wavelength. In this case from the
fit 4 parameters for each wavelength are obtained: RP , A, t0 and B. In Sec. 3.3, the
results of the fitting algorithm applied to the three reference planetary systems will be
shown.

The method described above is suggested to correctly derive the radius and the impact
parameter of a planet transiting in front of a spotted star. In order to quantify the impact
of the spots on the determination of these two parameters, the transit observation F inλ
(normalized to its out-of transit) is fitted by ignoring the presence of the spots and by
considering only the radius and the impact parameter of the planet as free parameters in
the fitting. The specific cases are discussed in Sec. 3.3.

3.3 Results

The method is applied to planetary transits in which the star is simulated with spots of
different sizes, temperatures and positions on the stellar disk, defined by their latitudes and
longitudes. For each simulated transit light curve the integrated out-of transit exposures
are considered, i.e. the combined out-of transit spectra, and the resulting spectrum is
fitted as described in Sec. 3.2.1 in order to estimate the spot parameters, and the method
presented in Sec. 3.2.2 is applied to retrieve the planetary transmission spectrum and
its impact parameter, for both crossed and non-crossed spots. For each test, n transits
observations are simulated, being n the number of transits (reported in Tab.3.1), computed
by Edwards et al. (2019), needed to observe a primordial atmosphere in each target at
Tier 2 resolution, with SNR= 7. The same choice has been done in Paper I.

3.3.1 Transits out-of-the spots

For each transiting system, we simulate different transit observations with the star hav-
ing one dominant spot and for two different values of temperature contrast ∆Tinput =
500, 1000 K and two different values of filling factor ffinput = 0.02, 0.05. The three sim-
ulated planets have an orbital inclination i < 90◦ (see Tab. 3.1), therefore pylightcurve
simulates their transits in the southern hemisphere of the stars; since the case of transits
out of the spots are simulated, it is reasonable to assume that the spot is on the northern
hemisphere, at a latitude θ = 20 ◦. The initial longitude of the spot is fixed at ψ = −20◦

and for each combination ∆Tinput, ffinput, n transits are randomly extracted from 1 000
consecutive transits, by assuming that the spot longitude evolves with the stellar rotation
and that the spot is on the visible hemisphere of the star. This procedure allows to sample
different distances of the spot from the star center in each transit. The stellar rotation
axis is assumed perpendicular to the line of sight and the stellar rotation periods for our
reference stars are shown in Tab. 3.1.8 In each simulated transit the spot filling factor
is randomly extracted from Gaussian distributions of ff , peaked at µff = 0.02, 0.05 and
standard deviation σff = 0.01. For negative values of ff , the extraction is iterated until
all the extracted values are positive. It is easy to show that the distance d of the spot can
be derived from its latitude ψ and its longitude φ from the relation:

d =
√

1− cos2 φ cos2 ψ (3.13)

8For K2-21, there is no clear evidence of flux modulation due to spots (Petigura et al. 2015), however
for this target a period Ps = 20d is assumed.
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Table 3.3: Summary of the best-fit (bf) spot parameters retrieved from specific out-of
transit observations, simulated with different input spots. The errors associated to the
best-fit values come from the fit. The values of dinput have been obtained with Eq.(3.13).

Star dinput ffinput ∆Tinput dbf ffbf ∆Tbf
(R∗) (%) (K) (R∗) (%) (K)

HD 17156
0.39 2.0 500 0.35± 0.03 1.72± 0.08 573.5± 21.0
0.61 1.7 1000 0.71± 0.02 2.46± 0.25 783.1± 51.5

HAT-P-11
0.38 2.7 500 0.36± 0.01 2.63± 0.02 500.7± 1.8
0.76 2.5 1000 0.77± 0.01 2.60± 0.05 990.5± 3.7

K2-21
0.61 1.3 500 0.66± 0.03 1.54± 0.14 413.5± 22.2
0.36 3.5 1000 0.39± 0.01 3.60± 0.02 995.2± 3.8

The impact parameter b of each transiting planet is shown in Tab. 3.1 and is derived as:

b =
a

R∗
cos i (3.14)

where a and i are the orbital semi-major axis and the orbital inclination, respectively. The
integrated out-of transit observations are used to derive the spot properties as described
in Sec. 3.2.1. Tab. 3.3 shows the best-fit spot parameters retrieved in some specific
cases. The out-of transit spectrum is integrated to increase the SNR and to reduce the
uncertainty on the estimated spot parameters. The errors on the parameters in Tab. 3.3
are the formal errors derived from the fitting algorithm, which are probably underestimated
and not include residual systematic effects.

At first, the influence of the spot on the extraction of the planetary transmission
spectrum and of its impact parameter is quantified. For ∆Tinput = 500 K, or lower,
the retrieved transmission spectrum of the transiting planet is not contaminated by the
presence of the spot due to the noise level; on the contrary, for ∆Tinput = 1000 K, or higher,
a systematic overestimate of the planetary radius at each wavelength of a few percents is
found, with a chromatic dependence. In particular, the effects are stronger below 2µm,
where the spot-photosphere contrast increases, and negligible in the near IR. These results
are shown in the three panels of Fig. 3.8, where the input planetary transmission spectrum
is represented with a dashed line and the retrieved uncorrected spectrum with a continuous
red line. The latter is the mean of the n extracted spectra for the brightest targets (HD
17156b and HAT-P-11 b), the median of the n extracted spectra for the faintest target
(K2-21 b).
In all the cases the planetary radius is overestimated above the errors: the planetary radius
of HD 17156 b is overestimated in the three photometric channels by about 100 ppm to be
compared with a measurement error of about 22 ppm; for HAT-P-11 b the overestimate
is by about 85 ppm vs. an expected error of about 20 ppm; for K2-21 b the overestimate
is by about 35 ppm vs. an expected error of about 4 ppm. If the method described in
Sec. 3.2.2 is applied, the planetary spectrum can be recovered within the noise level, thus
removing the systematic overestimate (see black continuous lines in Fig. 3.8).

Fig. 3.8 clearly shows that a correction of the planetary spectrum is necessary for the
case with ff = 0.05 and ∆T = 1000 K because ignoring the presence of the spot can leave
residuals of a few percent below 2 µm that can mimic the typical slopes of Rayleigh scat-
tering in the planetary transmission spectrum (see, e.g., Pont et al. 2013; Sing et al. 2011a).
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Figure 3.8: Retrieved planetary spectra, uncorrected (red lines) and corrected (black con-
tinuous lines) for the presence of the unocculted spot, averaged over n transits (n is
reported in Tab.3.1). The different colors in the graph highlight the external bin edges
of eachAriel channel. In each simulated observation, the spot temperature contrast is
∆T = 1000 K, while the filling factor is randomly extracted from normal distributions
with µff = 5% and σff = 1%. The dashed lines are the input planetary transmission
spectra. The spectra are at Tier 2 resolutions. For each case the residuals are expressed
as percentage deviations from the input transmission spectrum. The correction for the
unocculted spot is stronger below 2µm.

Moreover, for all the explored cases the spot presence do not significantly affect the
retrieval of the planetary impact parameter; in particular, the planetary impact parameter
is retrieved with a precision level below 1% for both HD 17156 b and HAT-P-11 b, and
of a few percents for K2-21 b whether the presence of the spots is corrected or not, thus
suggesting that the spots do not significantly affect the derivation of the planet impact
parameter. Probably, this is a consequence of fixing all the other orbital parameters of
the transiting system (Ballerini et al. 2012).
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The capability of the method to correct the planetary spectrum for the presence of
the spot is not dependent on its geometrical and physical properties, or on the number
of simulated spots (see Sec. 3.3.3), as the presence of the spot is removed through the
difference F outλ − F inλ , and it depends only on the capability to model the unperturbed
photospheric flux.

3.3.2 Test of the method developed in Chapter 2

This Section shows the results of the application of the method presented in Paper I, with-
out taking into account the limb darkening effect, to realistic noisy simulations of transit
light curves, simulated with a realistic limb darkening profile. This analysis is particularly
useful to estimate the bias introduced when neglecting the limb darkening in the retrieval
of the planet transmission spectrum and it allows to quantify the influence of the limb
darkening effect on both the retrieval of the spot filling factor and temperature, and of the
planet transmission spectrum, so to understand whether or not the limb darkening effect
is negligible. In particular, the method developed in Paper I is applied to the planetary
transits simulated in Sec. 3.3.1, where for each planet n transits are simulated and the
star is assumed with one dominant spot having ∆T = 1000 K and random size/position
on the star disk. At first, the out-of transit 100 s exposures, simulated with a realistic
limb darkening profile for the star, are fitted with a 2-d model where the star is assumed
to have spots with a given temperature and covering a fraction of the stellar disk (i.e. by
ignoring their distribution over the stellar disk). In order to make a comparison with the
method in Paper I, it should be stressed that the filling factors used in Paper I are effective
filling factors ffeff , i.e. already projected on the stellar disk, therefore the distribution
of recovered filling factors from the 2-d fitting procedure is an effective distribution that
has to be compared with the projected filling factor of the input spot, depending on its
filling factor and distance from the stellar disk center (ffeff = ff

√
1− d2, see Appendix

A.2.2).

Fig. 3.9 shows the distribution of the retrieved spot filling factors and temperatures
obtained from the out-of transit 100 s exposures (colored dots) and from the integrated out-
of transit observation, for one of the n simulated transits, where the simulated temperature
contrast is ∆Tinput = 1000 K. The colored triangles represent the expected values (ffeff ,
∆Tinput), while the colored crosses are the best-fit spot parameters obtained from the
integrated out-of transit observations. For the cases shown in Fig. 3.9, it seems that the
limb darkening effect can only be neglected for the star HAT-P-11; however, it must be
reiterated that the needs to take into account for the limb darkening in the retrieval of the
spot parameters is strongly dependent on the position of the spot, i.e. there is an annular
region concentric to the star, where the stellar emission is consistent with the hypothesis
of a uniform emission from the whole stellar disk.
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Figure 3.9: Scatter plot of the best-fit spot filling factors and temperatures when the star
is simulated with a realistic limb darkening profile and the resulting spectrum is fitted
by neglecting the limb darkening effect. The values have been obtained from the 100 sec
out-of transit exposures in one of the n simulated transits and each color pertains to a
specific star (reported in the legend). The triangles are the projected filling factor and
temperature contrast of the simulated spot, while the colored crosses are the best-fit values
obtained when summing all the out-of transit exposures. The upper histogram shows the
distribution vs. derived ∆T , the one on the right the analogous distribution vs. derived
effective ff . The dashed lines in each histogram mark the expected values.

Following the approach described in Paper I, for each of the n simulated transits,
from the best-fit spot parameters derived from the integrated out-of transit observation,
at first, the spectrum of the unspotted photosphere Pλ(T∗) is derived, then the planet

spectrum as
F outλ −F inλ
Pλ(T∗)

, being F outλ and F inλ the out-of transit and the in-transit observed

fluxes, respectively (by neglecting the egress and ingress of the planet from the transit).
For each planetary system, the transmission spectra thus obtained in the n transits are
averaged. Fig. 3.10 shows the retrieved transmission spectra for the three planets: in all
the explored cases, the retrieved spectra (red continuous lines) are systematically distorted
if compared to the input spectra (black dashed lines). These results are not due to the
spot as its influence is removed through the difference F outλ − F inλ , but rather to the fact
that the star does not have a uniform emission, i.e. the emission in the occulted portion
of star is overestimated (HAT-P-11 b, K2-21 b) or underestimated (HD 17156 b) with
respect the averaged emission from the whole stellar disk. Therefore, this effect is strongly
dependent on the impact parameter of the transiting planet.
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Figure 3.10: Retrieved transmission spectra when applying the method described in Paper
I to the planetary transits simulated taking into account the limb darkening and shown in
Fig. 3.8.

3.3.3 Robustness of the method with respect to the spot distribution

The model of stellar activity is based on the assumption that the visible hemisphere of
the star is dominated by the presence of a main spot with a given temperature and filling
factor, ignoring that the star may have different spots at different position on its disk. In
order to understand if and how such an assumption affects our results, in the following
simulations of a star with two spots having different sizes and at different positions on
the stellar disk will be performed and the method based on one spot will be applied in
order to recover the spot “effective”parameters from the out-of transit and the planetary
transmission spectrum.

Planetary transits are simulated by assuming a star with two input spots having
∆Tinput = 1000 K, at latitudes θ1 = 30◦, θ2 = −10◦ and initial longitudes ψ1 = −20◦
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Table 3.4: Summary of the best-fit (bf) spot parameters retrieved from specific out-of
transit observations when the star is simulated with two spots (1,2) and its spectrum
fitted with a one-dominant-spot model. The errors associated to the best-fit values come
from the fit.

Star dinput,1 dinput,2 ffinput,1 ffinput,2 ∆Tinput dbf ffbf ∆Tbf
(R∗) (%) (K) (R∗) (%) (K)

HD 17156 0.85 0.47 2.7 2.0 1000 0.73± 0.01 5.07± 0.12 913.9± 14.6
HAT-P-11 0.84 0.45 0.8 1.6 1000 0.56± 0.01 2.19± 0.04 998.5± 4.0

K2-21 0.54 0.84 2.3 1.0 1000 0.62± 0.01 3.11± 0.03 979.5± 4.8

and ψ1 = 10◦. For each transiting system, n transits are simulated (see Tab.3.1), where
the filling factors of the two spots are randomly extracted from normal distributions with
mean µff = 2% and standard deviation σff = 1%. As before, the n transits are randomly
extracted from 1 000 consecutive observations, by assuming that the two spots co-rotate
with the stellar surface and that no differential rotation is simulated.

The spot parameters are derived by comparing the integrated (sum of the) out-of
transit observations, simulated with two spots, with the grid of out-of transit spectra, built
by assuming the presence of one dominant spot on the star disk, therefore the estimated
parameters are “effective”parameters. Tab.3.4 shows a brief summary of the retrieved
spot parameters in some specific transits. The method can: confidently recover the input
spot temperature contrast, retrieve also an effective distance that mediates the distances
of the two input spots, and derive a best-fit effective filling factor roughly given by the
sum of the two input filling factors.

Fig. 3.11 shows the retrieved planet spectra for the three planets simulated here,
corrected (black continuous line) and uncorrected (red line) for the presence of the two
spots. Also for these cases, the method can extract the planetary transmission spectrum
within the noise level. Similar results have been found also for more than two spots in the
star disk, thus suggesting that the method can reliably extract the planet’s atmospheric
modulation even for a more realistic spots’ distribution. Also for these cases, the spots do
not influence the recovered planet impact parameter.
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Figure 3.11: As in Fig. 3.8 for planetary transits in which the star is simulated with two
uncrossed spots having ∆T = 1000 K, ff randomly extracted from Gaussian distributions
peaked at µff = 2% and with σff = 1% and random positions.

3.3.4 Transits over-the spots

When a planet crosses a large and cool enough spot and the star is very bright, it is possible
to detect a maximum during the transit (bump). In the following, n transit observations
will be simulated (n is reported in Tab.3.1) for each combination star+planet, where the
star is simulated with two different spots co-rotating with the stellar surface. The n
transits are randomly extracted from 1 000 consecutive transits (see Sec. 3.3.1), and one
of the two spots is on the planet transit chord, so that it is crossed by the transiting
planet. The latitude of the crossed spots, assumed in the southern hemisphere, where
the transit takes place, is set to: θ = −65◦ for HD 17156 b, θ = −30◦ for the other two
simulated planets. As before, the spot filling factors are randomly extracted from Gaussian
distributions peaked at µff = 1% and σff = 1%. As an example, Fig. 3.12 shows three
simulated transit light curves for the reference planets with spot crossing events.
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Figure 3.12: Synthetic transit light curves with spot crossings for the three planetary
systems specified in the legend. The light curves are integrated over the entire Ariel
wavelength coverage. The crossed spots have ∆Tinput = 1 000 K and size comparable to
ff ∼ 1%.

In order to take into account the noise effect on Ariel observations, at first a criterion for
the detectability of the bump in the simulated transit light curves has to be established.
To this purpose, each transit, integrated over the Ariel wavelength coverage, is fitted
by ignoring the presence of the spots, to derive the combination of b and RP /R∗ that
best match the simulated light curve; then, if there are m consecutive points where the
residuals between the observed light-curve and the best-fit model that are k ·σ beyond the
median value of the residuals, being σ the standard deviation of the residuals, the bump is
detectable, therefore the transit observation is corrected for both occulted and unocculted
spots as described in Sec. 3.2.2. If the bump is undetected and the correction takes into
account only for the presence of unocculted spots. The parameters m and k are strongly
dependent on the SNR of the observed targets and the temperature contrast of the crossed
spots: for HD 17156 b and HAT-P-11 b m = 2 and k = 2 (reasonable assumption for the
detection of crossed spots with ∆T & 500 K); for K2-21 b m = 4 and k = 0.5 (good
assumption for spots with ∆T & 1000 K). The choice of this criterion is driven by the
comparison between the size of the observational errors and the expected size of the bump.
In particular, for the brightest stars the probability to have a spurious bump with m = 2
and k = 2 is 5× 10−4, while for the faintest target the choice of m = 4 and k = 0.5 gives
a probability of a spurious bump of 10−2. Since 184 transits are simulated for the latter
target, about 2, out of the 155 detected bumps, are expected to be spurious. The retrieved
transmission spectra are shown in Fig. 3.13, where the black continuous lines represent the
values of the retrieved transmission spectra averaged over the n simulated transits for the
case with spots having ∆T = 1000 K. For the target K2-21 b, the method cannot reveal
the bumps in the transit light curves for wavelengths longer than 2 µm, therefore, in this
spectral range, the method correct only for the presence of the unocculted spots. The red
lines in Fig. 3.13 show the retrieved planet spectra when fitting the transit light curves in
each of the Ariel photometric channels and spectral bins by ignoring the presence of both
occulted and unocculted spots. The plot shows that the retrieved planetary radius at each
wavelength is underestimated compared to the input, thus confirming that the crossed-
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spots are responsible for the dominant effect when extracting the planetary transmission
spectrum and the correction has to be applied.

Figure 3.13: As in Fig. 3.11, where one of the two simulated spots is crossed by the planet.

3.4 Summary and discussions

In this chapter, a method taking into account the limb darkening to recover the planetary
transmission spectrum in the presence of stellar activity due to star-spots has been de-
veloped. The method is an extension of the method already presented in Paper I, where
a spot dominated scenario was adopted, without taking into account the limb darkening
effect. The main assumption of Paper I is a uniform emission from the whole star disk and
from the spot, so the spot is parameterized only by its filling factor and temperature, and
the transit depth is dependent only on the relative planetary size (RP /R∗)

2. This chapter
shows the need to apply a realistic limb darkening treatment. This method shows that
both the distance of the spot from the center of the stellar disk and the impact parameter
of the transiting planet are crucial parameters to correctly recover the planetary spectrum,
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requiring the need to simulate and analyze realistic transit light curves.

As for the retrieval of the spot parameters, the method consists in fitting an out-
of transit spectrum over a 3-d grid of spectra, where each element represents the star
with one dominant circular spot, with different sizes, temperatures and distances from
the stellar disk center. The spots are simulated as parts of the photosphere at a lower
temperature, with the same surface gravity and abundance of the quiet photosphere. The
spectra of the spots and the photosphere are taken from the BT-Settl models (Baraffe
et al. 2015) and each spectrum of the spotted star is degraded at Ariel Tier 2 resolutions
with the software ArielRad (see Sec. 1.2.4.4). An algorithm is used to fit a noisy out-
of transit spectrum and to recover the spot physical and geometrical properties of the spot.

The transmission spectrum of the atmosphere of the transiting planet and its impact
parameter are obtained by modeling the unperturbed photospheric flux occulted by the
planet, in the assumption that the spot variability is modulated over a time scale that is
much longer than the typical transit duration. Under this hypothesis the spot is removed
when subtracting the entire transit observation (F inλ ) to the out-of transit observation
(F outλ ). In particular the observed time series of difference spectra F outλ −F inλ is fitted over
a grid of models each describing the photospheric flux blocked by the planet during the
transit for planets having different combinations of radii and impact parameters. These
grids of time series can be optimized for each target to be observed, by choosing the proper
values of radii and impact parameters.

The method consists in modeling the flux blocked by the transiting planet and this is
possible only with: 1) a reliable simulator of the instrument; 2) an accurate characteriza-
tion of the stellar parameters (see Paper I for a more detailed discussion).

The method is tested with simulations of the three planetary systems: HD 17156 b,
HAT-P-11 b, K2-21 b. The results show that the algorithm reliably recovers the spot
parameters especially when using long exposure times equivalent to the integrated out-of
transit observations (∼ a few hours) because they achieve a good SNR of the observation.
In particular, the analysis confirms the anti-correlation between the spot filling factor and
temperature contrast, and it shows a correlation between the spot filling factor and its
distance from the center of the star disk. Moreover, for a spot close to the limb the method
can better constrain its distance, as a consequence of the stronger limb darkening effect.
The method is robust with respect a more realistic spots distribution, i.e. when applied
to stars with more than one spot on its visible hemisphere, thus demonstrating that the
analysis, if applied to observed out-of transit spectra, can effectively provide a systematic
characterization of the photospheric activity as due to the stellar spots, for stars of differ-
ent spectral types.

For each target, planetary transits have been simulated by assuming the star with one
or two visible spots with various filling factors, temperatures and positions on the star disk,
either crossed or not by the planet, with the planet having a primordial atmosphere. The
number of transits simulated for each target is taken from the catalogue of Edwards et al.
(2019). This study shows that neglecting the limb darkening in the extraction of the planet
transmission spectrum, introduces a systematic offset both in the retrieved spot parameters
and in the recovered planetary spectrum (see Appendix 3.3.2), thus demonstrating the
importance of including the limb darkening effect.

The method presented in this work is able to reliably retrieve the atmospheric transmis-
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sion spectrum and the impact parameter of the transiting planet removing the systematic
effect due to spots, for both the cases of occulted and unocculted spots, by averaging n
observations.

The approach has been developed for Ariel but it may be extended to any other mission
aimed at observing the atmospheres of transiting extrasolar planets, provided that an
accurate simulator of the science payload performances of the mission is available. This
is necessary to build the grids of spectra for each potential target. In future works, this
analysis will be applied to real data observed with the WFC3 of Hubble Space Telescope
and with the TESS telescope in order to identify the targets with stronger evidence of
stellar magnetic activity and to retrieve the planets atmospheric transmission spectra.
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Chapter 4

The elusive nature of the LHS
1140 b atmosphere

The work presented in this chapter is an application of the methods discussed in Chs. 2
and 3, and it has been performed in collaboration with A. Tsiaras and A. Thompson. The
method is applied to data observed with the WFC3 instrument aboard the Hubble tele-
scope, relative to the Super-Earth LHS 1140 b. The analysis of the observations provided
by WFC3/HST and conducted by Edwards et al. (2021) led to a double interpretation
of the extracted transmission spectrum of the planet: on one side, the modulation in the
spectrum may be caused by the presence of water in the planet’s atmosphere, on the other
one it could be due to the contamination of stellar activity arising from spots. The authors
attempt to correct the planet’s spectrum for the spots’ contamination and find that, while
many models still lead to evidence for water, some could provide reasonable fits to the
data without the need for molecular absorption. The low SNR and the small spectral
band (1.1-1.7 µm) do not help to determine the true nature of the observed modulation.
For this reason, future observations by JWST will be very useful in probing this aspect.
In the following the analysis of the same data set is presented, using the stellar activity
model presented in Ch. 2.

4.1 LHS 1140 b

LHS 1140 is a star in the constellation of the Whale, located approximately 40 ly from the
solar system. The star is a small red dwarf colder and less bright than the Sun: its surface
temperature is in fact just over 3000 K, and its visual magnitude is M=14.5 (Zacharias
et al. 2013). Its mass and radius are respectively 18% and 21% of the solar ones. In
April 2017, the exoplanet LHS 1140 b was discovered orbiting around it. Its radius is
1.7 R⊕, as derived by Ment et al. (2019) from photometric transit observations of Spitzer
and MEarth-South (Irwin et al. 2015). With the radial velocity measurements from the
high-resolution HARPS spectrograph, Ment et al. (2019) estimated a planetary mass m =
6.98M⊕, resulting in a density of 7.5 gcm−3, typical of a rocky world. With an equilibrium
temperature of ∼ 235 K, is situated within the habitable-zone of its star (Dittmann
et al. 2017; Kane 2018), where the existence of liquid water on the planet’s surface is
possible. While recent ground-based observations are not precise enough to constrain
atmospheric scenarios (Diamond-Lowe et al. 2020), reconnaissance with Hubble WFC3
shows modulation in the transit depth over the 1.1-1.7 µm wavelength range (Edwards et
al. 2021). In this work the analysis developed in Ch. 2 will be applied to data observed with
WFC3/HST in order to derive the stellar spots parameters and, eventually, to quantify
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their contamination on the retrieved planet transmission spectrum. The analysis starts
from the raw spatially scanned spectroscopic images which are obtained from the Mikulski
Archive for Space Telescopes1 (MAST). Two transit observations of LHS 1140 b were
acquired for proposal 14888 (PI: Jason Dittmann) with the HST/WFC3 G141 grism and
were taken in January and December 2017. Both visits utilised the GRISM256 aperture,
and 256 × 256 subarray, with an exposure time of 103.13 s which consisted of 16 up-the-
ramp reads using the SPARS10 sequence. The visits had different scan rates with 0.10”/s
and 0.14”/s used for January and December respectively, resulting in scan lengths of 10.9”
and 15.9”.

4.2 Reduction and analysis of WFC3/HST data

A specialised, open-source software for the analysis of WFC3 scanning observations is used:
Iraclis2 (Tsiaras et al. 2018). The reduction process includes the following steps: zero-read
subtraction, reference pixels correction, non-linearity correction, dark current subtraction,
gain conversion, sky background subtraction, flat-field correction, and corrections for bad
pixels and cosmic rays (for a detailed description of these steps, see the original Iraclis
paper Tsiaras et al. 2018). Although two transits of LHS 1140 b have been obtained, one
of these is affected by large shifts in the location of the spectrum on the detector. These
changes in position are shown in Fig. 4.1 and, when the white light curve is extracted,
large spikes are seen in the flux as shown in Fig. 4.2. The presence of such shifts are known
to dominate the systematics and to reduce the precision if the position of the spectrum
is not well-known (e.g. Stevenson et al. 2019; Tsiaras et al. 2019). Therefore, the initial
observation has been discarded from the analysis and only the December data set has been
utilised (see also Edwards et al. 2019). Unlike the January visit, which does not include
reverse scans, the December observation uses both forward and reverse scans.

1https://archive.stsci.edu/hst/
2https://github.com/ucl-exoplanets/Iraclis
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Figure 4.1: Shifts in the X and Y location of the spectrum for both observations. Blue
points indicate forward scans while reverse scans are shown in red.
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Figure 4.2: Raw extracted light curves for the LHS 1140 b observations. Even after
removing obviously bad data from the January visit, a good fitting cannot be achieved
therefore the observation is discarded. January visit does not include reverse scans while
the December observation used both forward and reverse scans. Additionally, the visits
have different scan rates, thus resulting in different scan lengths on the detector.

For the December observation, the reduced spatially scanned spectroscopic images were
then used to extract the white (from 1.1-1.7 µm) and spectral light curves. The spectral
light curves bands are selected as in Edwards et al. (2019), i.e. in such a way that the
SNR is approximately uniform across the planetary spectrum. The first orbit of each visit
has been discarded as it presents stronger wavelength-dependent ramps, and also the first
exposure after each buffer dump has been removed since it contains significantly lower
counts than subsequent exposures (e.g. Deming et al. 2013; Tsiaras et al. 2016).
The light curves are fitted by using the transit model package PyLightcurve (Tsiaras
et al. 2016) which utilises the MCMC (Markov chain Monte Carlo) code emcee (Foreman-
Mackey et al. 2013). The only free parameters for the fitting of the white light curve are
the mid-transit time and planet-to-star ratio. The other planet parameters are fixed to
the values from Ment et al. (2019) (a/R∗ = 95.34, i = 89.89◦) while the limb darkening
coefficients are computed by using the ExoTETHyS package (Morello et al. 2020), where
the stellar parameters are taken from Ment et al. 2019 (T∗ = 3216 K, log (g) = 5.0) and
the selected database is PHOENIX-2012-13. The PCE is shown in Fig. 4.3.

Figure 4.3: PCE for the G141 filter of WFC3/HST, defined as the product of the long-pass
filter transmission curve and the detector quantum efficiency curve.
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Table 4.1: Stellar and planetary parameters of LHS 1140 b (from Ment et al. (2019) or
derived in this work).

Parameter Value

R∗[R�] 0.2139 ± 0.0041
M∗[M�] 0.179 ±0.014
T∗[K] 3216 ± 39
log(g) 5.0
Rp/R∗ 0.07390± 0.00008
Mp [M⊕] 6.98 ± 0.89
Rp [R⊕] 1.727 ± 0.032
g[ms2] 23.7 ± 2.7
a [AU] 0.0936 ± 0.0024
a/R∗ 95.34 ± 1.06

i [◦] 89.89 +0.05
0.03

e < 0.06*
Porb [d] 24.7369148 ± 0.0000058

Tmid [BJDTDB] 2457187.81760 ± 0.00012†

*Fixed to 0 †This work

It is common for WFC3 exoplanet observations to be affected by two kinds of time-
dependent systematics: the long-term and short-term “ramps”. In Iraclis, these system-
atics are fitted by using:

Rw(t) = nscanw [1− ra(t− T0)](1− rb1e−rb2 (t−t0)) (4.1)

where t is time, nscanw is a normalisation factor, T0 is the mid-transit time, t0 is the
time when each HST orbit starts, ra is the slope of a linear systematic trend along each
HST visit and (rb1 ; rb2) are the coefficients of an exponential systematic trend along each
HST orbit. The normalisation factor nscanw is the averaged out-of transit flux in the white
light curve. nscanw is adapted to nforw for upward scanning directions (forward scanning)
and to nrevw for downward scanning directions (reverse scanning). The reason for using
different normalisation factors is the slightly different effective exposure time due to the
known upstream/downstream effect (McCullough et al. 2012).

The white light curve are fitted by using the formulae above and the uncertainties per
pixel, as propagated through the data reduction process. Iraclis scales up the uncertainties
in the individual data points, for their median to match the standard deviation of the
residuals, and repeats the fitting.
Next, the spectral light curves are fitted with a transit model (with the planet-to-star
radius ratio being the only free parameter) along with a model for the systematics (Rλ)
that included the white light curve (divide-white method, Kreidberg et al. 2014b) and a
wavelength-dependent, visit-long slope (Tsiaras et al. 2018) parameterised by:

Rλ(t) = nscanλ (1− χλ(t− T0))
LCw
Mw

(4.2)

where χλ is the slope of a wavelength-dependent linear systematic trend along each
HST visit, LCw is the white light curve and Mw is the best-fit model for the white light
curve. The normalisation factor nscanλ is the averaged out-of transit flux in each spectral

bin centered at λ. Again, the normalisation factor nscanλ is changed to nforλ for upward
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scanning directions (forward scanning) and to nrevλ for downward scanning directions (re-
verse scanning).

The white light curve fit is shown in Fig. 4.4 and the subsequent spectral light-curve
fits are shown in Fig. 4.5. A full list of stellar and planet parameters used here for the
fitting is given in Tab. 4.1, while the LDCs and extracted spectrum are in Tab. 4.2.

Figure 4.4: White light curve fit for December observation of LHS 1140 b. Top: detrended
flux and best-fit model. Bottom: residuals from best-fit model.
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Figure 4.5: Spectral light curve fits from Iraclis for the transmission spectrum of LHS 1140
b where, for clarity, an offset has been applied. In each plot, left panel: the detrended
spectral light curves with best-fit model plotted; right panel: residuals from the fitting
with the corresponding values of the Chi-squared (χ2).
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Table 4.2: Recovered transit depths and associated errors for the HST data along with
the LDCs used.
Wavelength [µm] Bandwidth [µm] Transit Depth [%] Error [%] a1 a2 a3 a4

1.12625 0.0219 0.5579 0.0094 1.504 -1.434 0.903 -0.239
1.14775 0.0211 0.5491 0.0084 1.465 -1.407 0.890 -0.236
1.16860 0.0206 0.5516 0.0082 1.448 -1.392 0.880 -0.233
1.18880 0.0198 0.5531 0.0086 1.451 -1.409 0.892 -0.237
1.20835 0.0193 0.5582 0.0091 1.425 -1.364 0.859 -0.228
1.22750 0.0190 0.5523 0.0103 1.381 -1.320 0.831 -0.220
1.24645 0.0189 0.5583 0.0100 1.393 -1.329 0.836 -0.221
1.26550 0.0192 0.5485 0.0071 1.388 -1.338 0.843 -0.223
1.28475 0.0193 0.5516 0.0081 1.349 -1.294 0.814 -0.215
1.30380 0.0188 0.5704 0.0077 1.337 -1.291 0.813 -0.215
1.32260 0.0188 0.5684 0.0095 1.380 -1.346 0.847 -0.224
1.34145 0.0189 0.5534 0.0115 1.473 -1.263 0.731 -0.184
1.36050 0.0192 0.5589 0.0085 1.550 -1.348 0.776 -0.193
1.38005 0.0199 0.5800 0.0099 1.637 -1.513 0.899 -0.228
1.40000 0.0200 0.5618 0.0077 1.548 -1.317 0.747 -0.184
1.42015 0.0203 0.5536 0.0127 1.516 -1.210 0.656 -0.157
1.44060 0.0206 0.5595 0.0116 1.520 -1.216 0.659 -0.158
1.46150 0.0212 0.5537 0.0109 1.495 -1.195 0.651 -0.157
1.48310 0.0220 0.5603 0.0077 1.499 -1.199 0.650 -0.156
1.50530 0.0224 0.5484 0.0097 1.525 -1.266 0.697 -0.169
1.52800 0.0230 0.5403 0.0115 1.505 -1.254 0.696 -0.170
1.55155 0.0241 0.5411 0.0148 1.484 -1.244 0.694 -0.170
1.57625 0.0253 0.5330 0.0130 1.502 -1.296 0.727 -0.178
1.60210 0.0264 0.5616 0.0156 1.493 -1.322 0.751 -0.185
1.62945 0.0283 0.5472 0.0134 1.481 -1.371 0.801 -0.200

4.3 Modelling the stellar spots on LHS 1140

The analysis presented in the two previous chapters compares the average out-of tran-
sit spectrum with a grid of stellar spectra built by assuming that the stellar activity is
dominated by the presence of spots. The normalization factors nscanλ obtained from the
fitting of each spectral light curve lend themselves well to this type of analysis, as they
represent the averaged out-of transit spectrum. The first step is the application of the
method described in Ch. 2, where the limb darkening effect is neglected. To this purpose,
a series of stellar spectra are generated, each mimicking the photosphere and the spots
at different temperatures. The spectra are downloaded from the PHOENIX-2018 database3

of ExoTETHyS, by fixing log(g) = 5.0 and the mettalicity [Fe/H] = 0. The photospheric
temperature is fixed at T∗ = 3216 K (Ment et al. 2019), while the downloaded spot spectra
have temperatures in the interval [2300-3200] K, and each spectrum differ from the nearest
ones for 100 K. The resulting spectra have been convolved with the WFC3 G141 grism
sensitivity (calibrated by Kuntschner et al. 2011), accounting for the conversion from flux
to electrons units. However, the quantum efficiency of the detector is not considered as it
has no chromatic dependence for the grism G141 (∼ 80%, Baggett et al. 2010) and I am
interested on flux variations and not in absolute flux. Two other chromatic components
have been taken into account: the first element takes into account the dispersion of light
from the star at the focal plane of the detector due to the grism; the second one is the
PSF, i.e. the distribution of light from the star at the focal plane of the instrument. A

3Differently from PHOENIX-2012-13, the PHOENIX-2018 database contains temperatures below 3000 K
that can mimic the spots.
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detailed description of these two effects can be found in Varley et al. (2017). Finally, the
spectra are binned by using the same spectral bands used to fit the spectral light curves.
The spectra thus obtained are reported in the right-hand side panel of Fig. 4.6.

Figure 4.6: Left panel: WFC3 G141 grism sensitivity as calculated by Kuntschner et al.
(2011). This step quantifies the conversion from flux to electrons. Right panel: spectra of
the photosphere and of the spots, degraded at WFC3/HST resolutions, and normalized
to their integrated fluxes. The red “x”markers and the blue crosses represent the out-of
transit normalization factors obtained in reverse and forward scanning mode, respectively.

The out-of transit normalization factors, obtained in both reverse and forward scanning
mode, are fitted by assuming a model of active star, whose spectrum is given by a linear
combination between the emission from the photosphere and the emission from the spot,
as in Eq. (2.1). By using the same formalism as in Ch. 2, ff indicates the spotted area,
projected onto the stellar disk, while Ts indicates the spotted temperature. The out-of
transit normalization factors are fitted by using the MCMC code emcee (Foreman-Mackey
et al. 2013), that numerically optimize the so-called “likelihood function”p(yobs,Θ), i.e.
the probability of an observed data set yobs given the model parameters Θ. The likelihood
function (or simply likelihood) is a measure of how well a chosen statistical model fits
the observed data as a function of the parameters. For each specific parameter value Θ
in the parameter space, the likelihood function p(yobs,Θ) therefore assigns a probabilistic
prediction to the observed data yobs. When maximized, this function returns the optimal
values for the parameters Θ that best reproduce the observed data. The mathematical
expression of the log-likelihood function (in a logarithmic scale), as a matrix equation,
used here is:

log p(yobs,Θ) = −1

2
rTK−1r − 1

2
log detK − N

2
log 2π (4.3)

where r is the residual vector:

r =


y1 − f(t1,Θ)
y2 − f(t2,Θ)

...
yN − f(tN ,Θ)

 (4.4)

and K is the N ×N data covariance matrix (being N the number of data points):

K =


σ2

1 0 0
0 σ2

2 0
. . .

0 0 0 σ2
N

 (4.5)

104



The fact that K is diagonal is the result of the assumption of white noise, i.e. the data
are independent and identically distributed with the same variance (σ2) and each value
has a zero correlation with all other values in the data set.
The mathematical expression of the log-likelihood function is:

log p(nscan,Θ) = −1

2

N∑
k=1

[f(λk,Θ)− nscan(λk)]
2

σ(λk)2
− 1

2
log σ(λk)

2
]

(4.6)

where Θ indicates the two spots’ parameters to be fitted (ff , Ts), f(λk,Θ) is the
modeled spectrum, nscan is the out-of transit normalization factor in the spectral bin
centered at wavelength λk, and σ(λk):

σ(λk) =
√
σ2
J + nscanerr (λk)2 (4.7)

where nscanerr is the error on nscan, obtained from the fitting of the spectral light curves,
and σJ is the jitter noise, i.e. a noise level independent on wavelength to add to the model
representing a further parameter to be fitted, in addition to ff and Ts. The sum runs over
the N spectral bins (N = 25). Both f(λk,Θ) and nscan are normalized to their integrated
fluxes. Tab. 4.3 shows the priors used in the fitting algorithm.

Table 4.3: Parameter and priors used when fitting the out-of transit spectrum. σJ is the
jitter noise, while ff and Ts are the spot filling factors and temperatures.

Parameter Prior Bounds Scale

Ts[K] [2300, 3216] Linear
ff [0, 1] Linear
σJ [−6, 1] log10

As an example, Fig. 4.7 shows the corner plot of the best-fit parameters obtained when
fitting nscan(λk) in forward mode. The a-posteriori distribution shows a strong correlation
between the ff and the temperature Ts, consistent with the simulations in Ch. 2.
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Figure 4.7: Corner plot of the best-fit parameters obtained from the fitting of nscan in
forward mode. The fitted model takes into account for the presence of spots at temperature
Ts and with filling factor ff . σJ is the jitter noise. The red lines mark the median values,
while the dashed lines are the 16th and the 84th quantiles. The best-fit values are reported
in the title of each histogram.

Fig. 4.8 shows in orange the best-fit spectra obtained from the projection of the best-fit
parameters of 100 samples extracted from the chain.

Figure 4.8: Best-fit spectra obtained from the fitting of nfor. The orange lines represent
100 samples extracted from the chain. The black data represent the observation. In the
bottom panel the differences between the data and the 100 best-fit spectra.

Similar results are obtained for nrev. Tab. 4.4 shows a summary of the best-fit pa-
rameters obtained for the two observations. In both cases, more than 60% of the visible
hemisphere of the star is covered by spots having a temperature contrast ∆T = T∗−Ts ∼
400 K. This result would indicate that LHS 1140 is a very active star at odd of the lack
of variability observed by TESS.
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Table 4.4: Best-fit parameters obtained from the fitting of the observations in each scan-
ning mode, when using models with and without spots. For each parameter, the median
value of the a-posteriori distribution is shown, while the lower and upper errors represent
the 16th and 84th quantile.

Model Scanning mode
Forward Reverse

With spots
(T∗= 3219 K, fixed)

Ts = 2759+114
−215 Ts = 2776+105

−206

ff = 0.65+0.23
−0.21 ff = 0.66+0.22

−0.22

σJ = −3.92+0.15
−0.14 σJ = −3.78+0.15

−0.14

BIC= - 324.99 BIC= -318.41

Spot-free
T∗ = 2909+26

−24 T∗ = 2917+28
−31

σJ = −3.93+0.16
−0.13 σJ = −3.8+0.15

−0.14

BIC= -328.02 BIC= -321.56

As a matter of fact, Fig. 4.9 shows the TESS light curves of LHS 1140 during Sector
3, from 24 September 2018 to 14 October 2018, and during Sector 30, from 23 September
2020 to 19 October 2020, both with an exposure time texp = 120 sec. The scatter of these
points is in fact even smaller than the transit depth impressed by the planet b.

Figure 4.9: Observations of the star LHS 1440 with the TESS space telescope, in Sector
3 (left) and Sector 30 (right). The green triangles mark the transit of LHS 1140 b.

A further evidence showing that this star is not very active can be found in Lillo-
Box et al. (2020), where data observed with ESPRESSO (Pepe et al. 2021) and HARPS
(Mayor et al. 2003) are analyzed. ESPRESSO and HARPS are both high-resolution spec-
trographs providing accurate measurements of radial velocity. The authors find periodic
signals at 130 d and 62 d, which are likely linked to the rotation period of the star (Ps)
and half of it (Ps/2), thus showing that LHS 1140 is a very slow rotating and inactive star.

A solution in which the star is covered by 60% spots is not coherent with the lack of
activity derived from other indicators. An alternative hypothesis is that the photospheric
temperature have been overestimated and for this reason the spotted model requires large
spots to obtain an average photospheric temperature close to the SED one.

In order to test such an hypothesis, the out-of transit spectrum is fitted by assuming
that there are no inhomogeneities in the stellar photosphere and by varying T∗. To this
purpose, the spectra in Fig. 4.6 are used. Also in this case, the log-likelihood function to
be maximized is the one shown in Eq. (4.6), where Θ indicates the stellar temperature T∗
to be fitted and σJ the jitter noise. The priors for both parameters are the same used in
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the previous fitting and reported in Tab. 4.3, where Ts is replaced with T∗. The output
of the fitting algorithm is shown in Fig. 4.10 for the forward scanning observation and
is summarized in Tab. 4.4 for the two analyzed observing modes. The final photospheric
temperature is 2909-2917 K, that is about 300 K lower than the value derived in Ment
et al. (2019). It should also be noted that the new derived values for T∗ are compatible,
within the uncertainties, with the spots’ temperatures derived from the observations in
the two scanning modes when assuming a spot-dominated model with T∗ = 3216 K. This
result is reasonable given the very high spots’ coverage estimated in both cases.

Figure 4.10: Left-hand side panel: corner plot of the best-fit parameters obtained from
the fitting of nfor when using a model dependent only on the temperature T∗ of the
photosphere. The red lines mark the median values while the dashed lines are the 16th

and the 84th quantiles. The best-fit values are reported in the title of each histogram. σJ
is the jitter noise. Right-hand side panel: the corresponding best-fit spectra; the orange
lines represent 100 samples extracted from the chain, while the black data represent the
observation. The differences between the data and the 100 best-fit spectra are illustrated
in the lower panel.

In order to establish which of the two models (with and without spots) best matches
the observed data from a statistical point of view, the Bayesian Information Criterion
(BIC) is used. The latter is a criterion for model selection among a finite set of models;
models with lower BIC are generally preferred. The BIC is formally defined as:

BIC = k log(N)− 2 ln
(
pmax(nscan,Θ)

)
(4.8)

where:

• pmax(nscan,Θ) is the maximized value of the likelihood function of the model;
• N is the number of data points in each observation (N = 25 spectral bins);
• k is the number of parameters estimated by the model (k = 3 for the model with

spots, k = 2 for the spot-free model).

The BIC values obtained with the two models are shown in Tab. 4.4. The two models
give very similar BIC values for both scanning modes, and are statistically undistinguish-
ble, however the “cool”quiet photosphere solution agrees with the others activity indicators
discussed above.
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4.4 Retrieval of the planet’s transmission spectrum

The results obtained from the analysis of the forward and reverse scanning mode when
assuming a spot-free model appear to be compatible with an average stellar photospheric
temperature of 2913 K. For this reason, the data extraction analysis is repeated, by
assuming a set of LDCs compatible with the new estimated photospheric temperature.
As in Sec. 4.2, the LDCs are computed by using the ExoTETHyS package (Morello et al.
2020), where the stellar temperature is fixed to T∗ = 2913 K and log (g) = 5.0 (Ment et al.
2019), the selected database is PHOENIX-2018

4 and the PCE is shown in Fig. 4.3. The
LDCs used and the retrieved transit depth for each spectral bin are reported in Tab. 4.5.

Table 4.5: As in Tab. 4.2, but using T∗ =2913 K.
Wavelength [µm] Bandwidth [µm] Transit Depth [%] Error [%] a1 a2 a3 a4

1.12625 0.0219 0.5502 0.0101 1.776 -1.749 1.099 -0.290
1.14775 0.0211 0.5496 0.0084 1.779 -1.844 1.195 -0.321
1.16860 0.0206 0.5516 0.0082 1.751 -1.812 1.172 -0.315
1.18880 0.0198 0.5524 0.0075 1.787 -1.854 1.196 -0.321
1.20835 0.0193 0.5563 0.0080 1.733 -1.740 1.109 -0.296
1.22750 0.0190 0.5512 0.0085 1.657 -1.698 1.096 -0.295
1.24645 0.0189 0.5567 0.0087 1.653 -1.639 1.040 -0.277
1.26550 0.0192 0.5505 0.0063 1.666 -1.714 1.104 -0.296
1.28475 0.0193 0.5494 0.0103 1.614 -1.660 1.072 -0.288
1.30380 0.0188 0.5701 0.0073 1.619 -1.702 1.108 -0.299
1.32260 0.0188 0.5635 0.0105 1.670 -1.758 1.140 -0.307
1.34145 0.0189 0.5518 0.0096 1.581 -1.348 0.796 -0.204
1.36050 0.0192 0.5513 0.0094 1.571 -1.227 0.679 -0.168
1.38005 0.0198 0.5764 0.0090 1.678 -1.370 0.750 -0.181
1.40000 0.0201 0.5558 0.0071 1.566 -1.174 0.625 -0.150
1.42015 0.0203 0.5454 0.0125 1.506 -1.054 0.542 -0.127
1.44060 0.0206 0.5528 0.0104 1.511 -1.046 0.527 -0.122
1.46150 0.0212 0.5509 0.0093 1.464 -0.985 0.491 -0.114
1.48310 0.0220 0.5545 0.0078 1.528 -1.114 0.580 -0.137
1.50530 0.0224 0.5416 0.0105 1.555 -1.184 0.633 -0.152
1.52800 0.0230 0.5313 0.0145 1.573 -1.252 0.690 -0.169
1.55155 0.0240 0.5338 0.0145 1.578 -1.309 0.747 -0.188
1.57625 0.0254 0.5282 0.0137 1.619 -1.425 0.837 -0.214
1.60210 0.0264 0.5542 0.0188 1.637 -1.533 0.932 -0.242
1.62945 0.0283 0.5467 0.0136 1.631 -1.588 0.981 -0.257

Fig. 4.11 shows the retrieved transmission spectra of the planet LHS 1140 b when
using different sets of LDCs to fit the spectral transit light curves with Iraclis. The great-
est difference between the two extracted spectra are concentrated at longer wavelengths,
where the transit depth values derived with the new stellar temperature are systematically
lower. This systematic is correlated to the increase of the value of the first limb darkening
coefficient when moving from a photospheric temperature T∗ = 3219 K to T∗ = 2913 K.
This difference reduces the width of the molecular absorption band probably due to water
at 1.4 µm, found by Edwards et al. (2021) in the analysis of the same data set. In order
to compare the results obtained by Edwards et al. (2021) with the analysis conducted
in this work, the two planet’s transmission spectra extracted with the two sets of LDCs
are modeled using the publicly available retrieval suite TauREx 3 (Al-Refaie et al. 2021)

4In this case, the database PHOENIX-2012-13 cannot be used due to its lower limt in temperature
(3000 K).
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and assuming that the modulation in the planet’s transmission spectrum is due to the
presence of water in the planet’s atmosphere. The latter hypothesis is due to the fact
that the analysis conducted by Edwards et al. (2021) shows that the model with water is
statistically favored over models with other absorbers.

Figure 4.11: Retrieved transmission spectra of LHS 1140 b when using different sets of
LDCs, corresponding to different photospheric temperatures (reported in the legend). The
plotted values are taken from Tabs. 4.2 (red error bars) and 4.5 (blue error bars). The
two data sets are slightly horizontally shifted for clarity.

Each spectrum is fitted by assuming an isothermal atmosphere with temperature Tp
and by including the molecular opacities from Polyansky et al. (2018) for H2O. The Col-
lision Induced Absorption (CIA) from H2-H2 (Abel et al. 2011; Fletcher et al. 2018) and
H2-He (Abel et al. 2012) has been also included, as well as the Rayleigh scattering for
all molecules. In addition to the volume mixing ratio5 of water (VMRH2O) and the equi-
librium temperature Tp of the planet, TauREx models the clouds’ pressure Pclouds and
the radius of the planet Rp. The priors used are listed in Tab. 4.6 and are the same
used in Edwards et al. (2021) to allow a comparison between the results. In order to ef-
ficiently explore parameter space, TauREx uses the multinest optimizer (Feroz et al. 2009).

The multinest algorithm builds upon the “simultaneous ellipsoidal nested sampling
method”of the parameters space. Nested sampling is a method designed to calculate the
Bayesian Evidence Z of a distribution, i.e. the integral of the likelihood function over the
prior and it is equivalent to the probability of the model given the data (marginalizing
over the specific parameter values). Nested sampling is an efficient method for evaluating
this integral using members of an ensemble of live points. At each iteration i of the nested
sampling process, the full set of N active points (so-called “live points”) is partitioned
and ellipsoidal bounds are constructed. The lowest-likelihood point from the full set of N
active points is then removed (hence becoming “inactive”) and replaced by a new point
drawn from the set of ellipsoids, correctly taking into account any overlaps between the
ellipsoids. As in Edwards et al. (2021), the retrievals use 500 live points with an evidence
tolerance of 0.5. The results are summarized in Tab. 4.6 and in Fig. 4.12.

When fitting the extracted spectrum with TauREx and assuming a photospheric tem-
perature T∗ = 3216 K, the results are compatible, within the experimental uncertainties,

5The volume mixing ratio (VMR) of a gas is the number of moles of the gas divided by the number of
total moles.
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with those presented in Edwards et al. (2021), even if the errors associated to VMRH2O

and Pclouds are here larger (see the uncertainties reported in Tab. 4.6). This is due to the
fact that the transit depths derived in this work are slightly different from those derived in
Edwards et al. (2021) (compare Tab. 4.2 of this work with table 2 of their paper), although
the same parameters and the same set of LDCs have been used to extract and reduce the
data set. This difference is due to the fact that the analysis presented here is subsequent
to that in Edwards et al. (2021) and the data in the MAST archive have been updated.
The results obtained with T∗ = 2913 K, on the other hand, estimate an amount of water
which is more than one order of magnitude lower than the value retrieved with T∗ = 3216
K, thus preferring a flat spectrum, without any modulation due to the presence of any
absorber in the planet’s atmosphere. However, given the noise and scatter of the signal,
both scenarios (with water and higher T∗ or without water and lower T∗) are possible, and
even the estimated Bayesian log-evidence logZ does not allow to discriminate the best-fit
model since the obtained values are very similar (log(Z) = 199.0 for T∗ = 3216 K and
log(Z) = 197.2 for T∗ = 2913 K).

Table 4.6: List of the retrieved parameters, their uniform prior bounds, and the scaling
used. VMRH2O is the volume mixing ratio of water, while Tp is the planet’s temperature,
by assuming an isothermal profile. Other parameters, such as the planet mass, have been
fixed to the values reported in Tab. 4.1.

Parameter Prior Bounds Scale Best-fit estimate
T∗ = 3216 K T∗ = 2913 K

VMRH2O [−12, 0] log10 −3.68+2.39
−5.17 −5.29+3.30

−4.44

Tp [K] [50, 500] Linear 244.83+152.38
−113.46 242.93+151.62

−128.33

Pclouds [ bar] [−4, 6] log10 3.35+1.70
−4.37 1.44+2.82

−3.74

Rp [RJ ] [0.123, 0.185] Linear 0.152+0.002
−0.005 0.151+0.003

−0.005

µ [derived] - - 2.308+0.787
−0.003 2.305+0.160

−0.001

Figure 4.12: Best-fit models to the WFC3/HST data from the TauREx atmosphere re-
trievals, derived assuming two different stellar temperatures (reported in the legend of
each plot). The dark and light blue shading correspond to the 1 and 2 σ confidence inter-
vals from the best-fit atmospheric retrieval. For each plot, the residuals and the standard
deviation of the residuals σ are shown.

4.5 Discussions and future perspectives

The analysis conducted here shows that the averaged out-of transit spectrum can be fitted
by assuming two different models: one in which the star has a photospheric temperature
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T∗ = 3216 K and has a spots’ distribution on its visible hemisphere, and one in which
the star is quiet and has a temperature T∗ = 2913 K. As first option, on the base of
considerations consistent with the scenario depicted by other activity indicators (see, e.g.,
Lillo-Box et al. 2020), I discard the solution in which the star is covered for the 60% by
spots thus focusing on the second scenario, and I use the TauREx code to fit the extracted
planet spectrum by assuming the photospheric temperature T∗ = 2913 K. The results
show that the best-fit model for the planet’s transmission spectrum is a flat spectrum,
with no molecular bands caused by absorbers in the planetary atmosphere.

However, the photospheric temperature of LHS 1140 estimated in Ment et al. (2019) has
been derived with an uncertainty of ∼ 1%, not compatible with the value of photospheric
temperature found in this work. In Ment et al. (2019), the value of T∗ has been derived
from basic physics using the Stefan-Boltzmann law:

L∗ = 4πσR2
∗T

4
∗ (4.9)

where L∗ is the bolometric stellar luminosity, R∗ and T∗ are the stellar radius and tem-
perature, respectively. The value of stellar luminosity has been obtained from bolometric
correction estimates in three different photometric bands, thus obtaining a mean value
L∗ = (0.00441 ± 0.00013)L�. R∗ is obtained from the transit light curves of the two
planets b and c. In particular, the a/R∗ ratio (being a the orbital semi-major axis) is
obtained directly from the transit duration, and the semi-major axis a is calculated using
the Kepler’s third law knowing the orbital period Porb of each planet and the stellar mass
M∗. The authors average the values derived from the transits of the two planets and find
R∗ = (0.2139± 0.0041)R�. From Eq. (4.9), the authors derive a blackbody temperature
Tbb = (3216 ± 39) K. This value is discrepant from the value derived in this work, but I
have to note that while the temperature in Ment et al. (2019) is derived from the bolo-
metric luminosity, here the temperature is derived from a small spectral window in the
infrared where the stellar emission can be very different from a black body (Mann et al.
2015).

To better understand the situation, I decided to estimate the stellar temperature T∗
independently, with the method described in Maldonado et al. (2015), where the authors
derive the stellar parameters (T∗, log(g) and spectral type) of early M-dwarfs from ra-
tios of spectral features at optical wavelengths, using HARPS (Mayor et al. 2003) and
HARPS-N (Cosentino et al. 2012) spectra. They focus on pseudo-equivalent widths of
spectral features, using some stars as calibrators. With this methodology, the derived
stellar spectral temperature is Tspec = (3258± 69) K. The temperature is discrepant from
the value derived in this work and consistent with the Ment et al. (2019) measurements,
then supporting that this may be caused by the different spectral windows considered in
the two cases. However, this discrepancy is similar to the offset found by Maldonado et al.
(2015) between their spectroscopic measurements and the photometrically stellar temper-
atures derived from the 2MASS photometry, in the J (1.10-1.35 µm) and H (1.50-1.80 µm)
bands, being the latter ∼ (198± 176) K cooler than the spectroscopic ones. As noted by
the authors, this offset may be due to the fact that the infrared emission of a M-dwarf
star (for wavelengths & 2 µm) deviates from that of a black body.

Edwards et al. (2021) derive the planet’s transmission spectrum by fitting the spec-
tral light curves and by assuming the stellar temperature derived in Ment et al. (2019).
However, in addition to arguing that the observed modulation in the planet’s spectrum
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may be due to water molecules in the planet’s atmosphere, the authors comment that this
modulation can be reproduced by unocculted spots and faculae even in the presence of
a planet without atmosphere. They calculate the potential effect on transmission spec-
trum due to the non-occulted stellar spots using the model from Rackham et al. (2018).
In particular, they assume a ∼ 1% stellar brightness variability (Dittmann et al. 2017)
and adopt four cases of the stellar spot distribution: giant spots, solar-type spots, giant
spots with faculae, solar-type spots with faculae. The spot covering fraction values are
those typical for M-dwarfs and are taken from Rackham et al. (2018), where the authors
calculate the total stellar flux by iteratively adding spots to random locations and derive
the best spot covering fraction that represents a 1% variation in brightness. Furthermore,
Edwards et al. (2021) assume that the photosphere is at 3100 K, a spot temperature of
2700 K (close to the value found here) and faculae with temperatures of 3200 K, by using
theoretical BT-Settl models of the stellar flux calculated for each temperature component,
at the log g = 5 and [Fe/H] = 0. The effects on the transmission spectrum at each wave-
length, the “contamination factor”, are calculated by the equation (3) in Rackham et al.
(2018). The derived contamination factor values are multiplied by a flat transit depth
model. By comparing the atmospheric modeling (obtained with TauREx) with the stellar
spot model (obtained with the contamination factor), they find that the first one more
adequately describes the observed transmission spectrum, from a statistical point of view.
In this work, I have shown that if the star has a temperature 3216 K, then it should be
assumed a spots’ distribution with temperature Ts ∼ 2760 K on the stellar surface with
a filling factor ff ∼ 65%. These spots contaminate the extracted spectrum ελ (shown in
the left panel of Fig. 4.12). In order to remove the systematic due to these spots, in the
assumption that they are not crossed by the transiting planet, the planetary spectrum ελ
must be divided by the contamination factor cλ, given by the following relation (see eq.
(1.8) of Ch. 1):

cλ =
Fλ(T∗)

F outλ

=
Fλ(T∗)

(1− ff) · Fλ(T∗) + ff · Fλ(Ts)
(4.10)

where F outλ is the best-fit out of transit spectrum obtained from the best-fit values
for the spot filling factor ff and temperature Ts, and Fλ(T∗) is the spectrum of the
immaculate photosphere (obtained from models in Fig. 4.6). Eq. (4.10) is equivalent to
the equation (3) of Rackham et al. (2018), but limited to the case of spots and assuming
no faculae. Fig. 4.13 shows the extracted transmission spectrum ελ of LHS 1140 b (blue
error bars) and the corrected spectrum ελ/cλ (orange error bars), being cλ obtained from
the spots’ parameters derived in forward scanning mode.
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Figure 4.13: The blue error bars represent the planet spectrum of LHS 1140 b extracted
when assuming T∗ = 3216 K without considering the presence of spots. The orange error
bars show the planet spectrum corrected for the presence of unocculted spots, assuming
the median values for ff and Ts reported in Tab. 4.4 (forward scanning mode). The
colored filled regions show the best-fit models obtained with TauREx.

The corrected spectrum no longer contains the band around 1.4 µm, and Taurex favors
a flat spectrum model (the volume mixing ratio of water is VMRH2O = −9.801+1.725

−1.499),
showing again that there is no obvious modulation caused by water molecules. In this
scenario the derived planet radius is (1.450± 0.004)R⊕, which is vastly smaller compared
to the value found in Ment et al. (2019) due to the very high correction factor cλ. The
latter may be underestimated taking into account also the presence of non-occulted faculae.

In summary, this work proposes two possible scenarios: one in which the star has a
nominal temperature of 3216 K but is very active (against the evidence in the literature)
and the other one where the star is quiet and has a temperature 2913 K. In both cases the
extracted planetary spectrum has no intrinsic modulation: in the first case the observed
modulation is due to the spots and in the second one the modulation disappears due to
the lower stellar temperature. Here on the basis of general considerations on the stellar
behaviour I consider the “cool”star hypothesis more reliable, however observations with
JWST and Ariel will provide unparalleled sensitivity and will help to confirm or reject
these hypotheses, as well as to probe the stellar contamination due to spots and the atmo-
spheric detection in LHS 1140 b. The confirmation/refutation of an atmospheric envelope
and of a water signature of LHS 1140 b will significantly guide current debates into the
nature of small exoplanets, constrain planet evolution models and inform us about the
potential habitability of rocky worlds orbiting M-dwarfs.

A number of different space-based facilities could be utilised for the study of this plane-
tary system, as well as additional WFC3/HST G141 observations. However, disentangling
potential stellar contamination may still be difficult given the narrow wavelength coverage.
Observations with the G102 grism could help to fill the spectral gap between the current
HST data and those from the ground. Nevertheless, given the long baseline between ob-
servations, difficulties may still remain. Furthermore, if the atmosphere of LHS 1140 b
is not clear and hydrogen dominated, then distinguishing between a cloudy primary at-
mosphere or one with a higher mean molecular weight would be difficult with additional
HST data alone. To this purpose, future observations of this planetary system with Ariel
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or JWST will be very useful, as both instruments will offer simultaneous observations in
a wide spectral band, from the visible to the infrared.
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Chapter 5

Modeling photometric light curves
of the pre-main sequence star
V1298 Tau

In this chapter I model the photometric light curve of a pre-main sequence star hosting a
planetary system to check how the activity can affect the measurements of the planetary
radii. The basic assumptions to model the activity are similar to those adopted in the
previous chapters with some changes. The final goal is to adopt the same stellar model to
analyse both photometric and spectroscopic observations. I will analyse the TESS light
curve and, since the radius measurement in the presence of stellar activity, depends on
the band-pass (Ballerini et al. 2012), I will estimate the transit depth that would have
been measured with the K2 space telescope. In particular, I will analyse the stellar light
curves of V1298 Tau observed by the TESS space telescope (Transiting Exoplanet Survey
Satellite, Ricker et al. 2015), which observes in a photometric band (400-850 nm), assuming
that the observed modulation is caused by spots that co-rotate with the stellar surface. I
will determine the effect due to the spots on the derivation of the radii of the 4 planets
orbiting around V1298 Tau in the hypothesis that the transiting planets do not cross the
modeled spots. Furthermore, I will simulate the same observations with K2 telescope, in
a bluer band, and I will determine the effect caused by the same spots on the derivation
of planetary radii. Although there are observations of V1298 Tau with the K2 telescope, I
will simulate the observations in the K2 band as the real observations are not simultaneous
with those of TESS and I want just to test the distortion caused by the same activity level
in different passbands. A similar study extended to the K2 observations may help to
understand if the difference in the planetary radii derived in the two bands can be caused
by the presence of non-occulted spots, thus motivating the discrepancy existing in the
literature between the values derived from TESS (Feinstein et al. 2022) and those derived
from K2 (David et al. 2019b).

5.1 V1298 Tau

The V1298 Tau planetary system is a valuable benchmark for understanding the evolution
of exoplanets. V1298 Tau is a pre-main sequence, approximately solar-mass star that was
observed in 2015 by NASA’s K2 mission (Howell et al. 2014). Analysis of the K2 data
revealed the presence of four transiting planets, all with sizes between that of Neptune
and Jupiter (David et al. 2019a,b). There are no other known examples of exoplanetary
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systems with so many planets larger than Neptune interior to 0.5 AU, despite the high
completeness of the Kepler survey to large (> 5R⊕), close-in planets. This observation
raises the possibility of a causal connection between the extreme youth of V1298 Tau and
the uncommonly large sizes of its planets.

The youth of V1298 Tau was initially established on the basis of its strong X-ray
emission (Wichmann et al. 1996), high photospheric lithium abundance (Wichmann et
al. 2000), and proper motion measurements (Frink et al. 1997). An additional recent
blind search for comoving stars using Gaia DR1 astrometry data found V1298 Tau was
co-moving with 8 other stars (Group 29 in Oh et al. 2017). Luhman (2018) conducted a
kinematic study of the Taurus star-forming region using Gaia DR2 and found new mem-
bers of this group. With this new sample, they derived an age of ∼ 40 Myr. However,
more recent analyses based on Gaia EDR3 astrometry suggests V1298 Tau may belong
to either the D2 or D3 subgroups of Taurus, both of which have estimated ages .10 Myr
(Gaidos et al. 2021; Krolikowski et al. 2021). Other studies, focused specifically on the
V1298 Tau system, have estimated its age to be 23±4 Myr from comparison with empirical
and theoretical isochrones (David et al. 2019a), or 28±4 Myr from isochrone fitting to the
Luhman (2018) Group 29 membership list given Gaia EDR3 data (Johnson et al. 2022).
While the precise age of V1298 Tau remains uncertain, most estimates fall in the 10-40
Myr range, confirming V1298 Tau as one of the youngest known stars hosting planets.

Given the system’s youth and potential to reveal information about the initial condi-
tions of close-in planetary systems (Owen 2020; Poppenhaeger et al. 2021), V1298 Tau has
been the target for extensive follow-up observations. These include efforts to constrain
planet masses with radial velocities (Beichman et al. 2019; Suárez Mascareño et al. 2021),
measure the spin-orbit alignments of planet c (Feinstein et al. 2021) and planet b (Gaidos
et al. 2021; Johnson et al. 2022), measure or constrain atmospheric mass-loss rates for the
innermost planets (Maggio et al. 2022; Schlawin et al. 2021; Vissapragada et al. 2021),
and an approved program to study the planetary atmospheres by using the James Webb
Space Telescope (JWST; Desert et al. 2021).

Observations from TESS analyzed by Feinstein et al. (2022) have shown some differ-
ences in the transit depth of each planet with respect to the values derived from the light
curves observed by K2 (David et al. 2019b). The values of the radii for the 4 known
planets orbiting V1298 Tau, derived from both K2 and TESS, are reported in Tab. 5.1
and they show that the radii of the planets b, c, d as observed by TESS are shallower than
those observed by K2 by 1-2σ, while for the planet e the radius is ∼ 3σ larger.

While this could possibly be due to ongoing dusty outflows that make the transit depth
appear shallower in TESS data, it is more likely the differences are due to the presence
of stellar spots on the stellar surface of V1298 Tau. Furthermore, the youth of these
planets could additionally favor hosting haze-dominated atmospheres. However, without
mass estimates for V1298 Tau b, c, d, e, it is difficult to determine if this is the cause
of the different transit depths measured between the K2 data and TESS. Radial velocity
mass measurements are challenging for young planets due to underlying stellar activity.
However Suárez Mascareño et al. (2021) estimated the planetary masses of the 4 planets,
finding that the planets b and e have masses (0.64±0.19)MJ and (1.16±0.30)MJ , respec-
tively, while, for the two smaller planets c and d, they calculated 3σ upper limits on their
masses of 0.24MJ and 0.31MJ .
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Table 5.1: Radii values for the 4 planets orbiting the V1298 Tau star, derived from K2
observations (David et al. 2019b), and from TESS observations (Feinstein et al. 2022).

Planet Mission Passband c d b e

Rp[R⊕]
K2 [400-850]nm 0.0381± 0.0017 0.0436+0.0024

−0.0021 0.0700± 0.0023 0.0611+0.0052
−0.0037

TESS [600-1000]nm 0.0337± 0.0009 0.0409+0.0014
−0.0015 0.0636± 0.0018 0.0664+0.0025

−0.0021

According to de Mooij et al. (2012), the difference in radii seen in the planet e could
be consistent with a large scale height, low mean-molecular weight atmosphere around
the planet. Carter et al. (2011) suggest the presence of species with stronger absorption
features at longer wavelengths, such as CO, H2O, and CH4, in the atmosphere of V1298
Tau e. However, it cannot be excluded that the original single transit of V1298 Tau e
is filled-in via spot crossing events, making it appear shallower in the K2 observations.
Young stars are known to have very high spot coverage with a large fraction (from 30-80%)
of the surface covered by spots (Feinstein et al. 2020; Grankin 1999; Gully-Santiago et al.
2017). It is therefore expected the surface of V1298 Tau is dominated by stellar inhomo-
geneities. This hypothesis is further strengthened by comparing the transit shape between
the light curves observed with both K2 and TESS, shown in the bottom right-hand panel
of Fig. 5.1. The K2 transit of planet e has a structure consistent with the presence of
spot crossing events. Additionally, there is variability in-transit in the TESS data that
may potentially be due to more starspot crossing events.
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Figure 5.1: TESS data (gray), with the best-fit model (color), compared to the K2 data
(black). The residuals between the TESS data and each fit are shown underneath. Figure
from Feinstein et al. (2022).

The presence of spot crossing events is readily seen also in the transit of V1298 Tau
b, both in the TESS and K2 data (see the bottom left-hand panel of Fig. 5.1). However,
according to the discussion in Sec. 1.3, the deeper transit depth of the planets b, c and d
in the K2 band, i.e. at shorter wavelengths, suggest that the dominant effect is due to the
presence of non crossed spots distributed far away from the planetary transit chord.

It should be stressed that two data sets, observed by K2 and TESS, respectively, were
taken in two different periods: from UT 7 February 2015 to UT 23 April 2015 for K2, and
from UT 16 September 2021 to UT 06 November 2021 for TESS. This implies that the
spots’ distribution, i.e. the stellar activity level, in V1298 may be different in the two data
sets and may have a different impact on the derivation of the planetary radii in the two
bands. With this warning in mind, the question is to understand if the different transit
depths observed with K2 and TESS can be interpreted as a consequence of the spots’
presence. Here I will focus on the TESS light curves, I will fit the observed data with a
spot-dominated stellar activity model and I will determine the impact of the stellar spots
on the retrieval of the four planetary radii, by assuming they are not crossed during each
transit. Furthermore, I will try to estimate the effect of such spots on the K2 band, in the
hypothesis that both K2 and TESS are simultaneously observing the star with the same
spots’ distibution.
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5.2 V1298 Tau data extraction

Observations by TESS in Sectors 43 (UT 16 September 2021 to UT 12 October 2021) and
44 (UT 12 October 2021 to UT 06 November 2021) will be analyzed. Data are downloaded
from the MAST1 archive, by selecting the light curves created by the Science Processing
Operations Center pipeline (SPOC; Jenkins et al. 2016). SPOC is an aperture photometry
technique, where a set of pixels in the image is summed in order to produce a single flux
value. The SPOC produces an optimal aperture and determined by the data processing
pipeline. This is the default aperture used by the MAST portal pipeline and is optimized
to ensure that the stellar signal has a high signal to noise ratio, with minimal contamina-
tion from the background. The act of summing all pixel values in a pre-defined aperture
as a function of time is the so called “Simple Aperture Photometry”(SAP). However, the
SAP data downloaded from the MAST portal contain long term trends, that are removed
in the Pre-search Data Conditioning SAP (PDCSAP). In the following, the PDCSAP flux
will be used as they are cleaner and with fewer systematic trends. We select the 2-minutes
light curves (slow scanning mode). The PDCSAP light curve are shown in Fig. 5.2 for
both Sector 43 (black) and Sector 44 (blue) and show an evident different offset in the
two Sectors, probably caused by instrumental effects or a different sky background.

Figure 5.2: V1298 Tau extracted light curve from the SPOC-processed light curve for
TESS, in Sectors 43 (black points) and 44 (blue points), respectively, with a temporal
cadence of 2 min.

Feinstein et al. (2022) have analyzed the TESS light curves in Fig. 5.2 and have found
a periodic modulation of the stellar flux, probably due to the presence of spots on the
stellar surface, with a periodicity of Ps = 2.97+0.03

−0.04 d. The authors fitted the observed
light curves with a Gaussian Processes (GPs) model taking into account the planetary
transits, thus identifying the transits of the 4 planets of V1298. By using the best-fit
values for the 4 planets’ mid-transit times, transit lengths and orbital periods obtained by
Feinstein et al. (2022) (reported in Tab. 5.4), the planetary transits have been identified

1https://archive.stsci.edu/missions-and-data/tess/
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and removed. Fig. 5.3 highlights with different colors the planetary transits of the 4
transiting planets of V1298.

Figure 5.3: Light curves of V1298 Tau, shown in Fig. 5.2, with the transits of the 4
planets highlighted by different colors. The plots on the right-hand panels zoom some of
the transits in the two Sectors.

In addition to the periodic modulation due to the spots, the light curves present flares,
i.e. impulsive events due to the stellar variability on short time scales (generally much
shorter than the transit duration). Here, the method described in Colombo et al. (2022),
based on GPs, has been used to identify and to remove flares (Colombo, private commu-
nication). In particular, the method uses the GPs model through the Python package
celerite (Foreman-Mackey et al. 2017) with the aim of disentangling the long-timescale
activity from the short-timescale events. At first the overall long term changes of the
light curve are modeled and the corresponding model is subtracted to the data in order
to obtain a curve with a median basal flux approximately equal to zero and characterized
only by short-timescale events. The temporal location of the peak and their amplitude
are then identified and a fit with a double exponential for the rise and the decay phases is
performed. The fit has as input parameters the peak amplitude and time, and from these
derives the characteristic times of rise and decay, respectively. As an example, Fig. 5.4
shows some flux values in the observed light curves contaminated by the presence of a flare.
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Figure 5.4: Zoom on a piece of the TESS light curve of Sector 43, contaminated by the
presence of a flare (courtesy of Colombo).

5.3 Modeling the observed light curves

The observed light curves show periodic modulation due to stellar activity. In this work,
the modulation is assumed to be caused by the presence of spots on the stellar photosphere
rotating with a characteristic period. The stellar activity model used here is very similar
to the model presented in Ch. 3. Also in this case, the stellar disk is divided into n annuli
concentric to its center and the total stellar flux is obtained by summing the contributions
of all the annuli. However, in this case, the fraction of spotted annulus is not analytically
computed. Each ith annulus, having radius ri, is divided into m equally spaced parts, thus
generating a 2-d mask whose pixels are identified by plane polar coordinates. The 3-d
visible hemisphere of the star with its spots is projected onto this 2-d mask and, annulus
by annulus, the fraction f(ri) of spotted annulus is obtained by dividing the number of
pixels falling inside the projected spotted area for the total number of pixels m. In this
model, the spots are simulated as spherical caps on the stellar surface, whose base radius
(expressed as a fraction of the stellar radius) is rs. The advantage of this approach with
respect to the model used in Ch. 3 is that spots at the edge of the stellar disk have no
zero-projection on the star disk. This aspect is particularly important when simulating
photometric time series, in which the spots rotate over time, passing from one hemisphere
of the star to another. The geometric details of the model used can be found in Appendix
A.3.

The emission from the ith annulus is obtained by linearly combining the contribution
of the spot and of the photosphere for a given configuration at time t, similarly to what
done in the Eq. (3.7) of Ch. 3, but with two main differences:

• no emission comes from the spot, therefore the spots are black regions;

• the stellar intensity profile is described with a linear limb darkening law.

122



Table 5.2: Stellar and instrumental parameters used to simulate the linear LDCs c and
the fluxes F (T∗) from the quiet photosphere in both the K2 and TESS bands. A is the
telescope area and D the distance of the star from the telescope.
T∗[K] log g [Fe/H] R∗[R�] D[pc] Passband A[m2] c F (T∗)[e

−/sec]

5050 log g 0 1.28 108.5
K2 0.708 0.66 1 662 568

TESS 0.00866 0.56 25 106

This model is purposely adopted for photometric time series, i.e. data integrated in a
single band from which it is not possible to have valuable constraints on the spots’ tem-
perature. This justifies the first of the two assumptions listed above.

The intensity profile I(µi) is described by the following linear limb darkening law:

I(µi)

I(1)
= 1− c(1− µi) (5.1)

where µi is the coordinate that identify the ith annulus in the 2-d grid and is related to
its radius ri by the Eq. (3.3), I(1) is the intensity emitted by the center of the stellar
disk and c the linear limb darkening coefficient (see Sec. 3.1.1 for a more comprehensive
description of each term).
The linear LDCs in K2 and TESS bands are downloaded from ExoTETHyS package (Morello
et al. 2020), by assuming that the V1298 Tau has T∗ = 5050 K, log g = 4.2 (Suárez
Mascareño et al. 2021), and a Sun-like abundance; the adopted grid of models is the
PHOENIX-2012-13 database. Furthermore, the PCE used to download the LDCs in both
passbands are shown in Fig. 5.5.

Figure 5.5: The K2 and TESS PCEs, defined as the product of the long-pass filter trans-
mission curve and the detector quantum efficiency curve (Sullivan et al. 2015).

The value of c derived with the “sail”function of the ExoTETHyS package are reported
in Tab. 5.2. As expected, the value of c is greater for the K2 band that has a bluer
band (compared to TESS one) and the limb darkening effect is stronger. In addition, the
“boats”function of ExoTETHyS is used to derive the unspotted flux coming from the star,
taking care to correctly set the telescope aperture A, the star radius R∗ and its distance
D from the telescope. The data thus obtained are reported in Tab. 5.2.
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Similarly to what done in Ch. 3, the intensity I(1) at the center is derived by imposing
that the stellar flux integrated over the stellar disk with the intensity profile in Eq. (5.1)
is equivalent to the flux F (T∗) from ExoTETHyS, thus obtaining:

I(1) =
F (T∗)

2π(1
2 −

c
6)

(5.2)

The flux F (t) observed at a given time t is:

F (t) =
n∑
i=1

I(ri)
(

1− f(ri, t)
)
· 2πri ·∆r (5.3)

where f(ri, t) is the spotted profile obtained with the spots’ distribution at the time t.
The sum runs over all the 750 annuli of the disk: 250 annuli are in the inner part of
the disk up to 0.8R∗ and 500 in the external part to better sample the outer darkened
region. The number of pixels that fall inside the same annulus is fixed at 250. Several
tests performed by me have shown that these are optimal numbers: lower numbers would
give a less resolved grid, higher numbers would greatly increase the computation times.

The modulation of the observed flux in V1298 Tau over time is assumed to be caused
the presence of spots that co-rotate with the stellar surface. In order to reproduce this
effect, the star is simulated as a rigid rotating body, with a spots’ distribution on its
surface. In particular, the star is simulated as a 3-d sphere centered in a system of
Cartesian axes where the observer is placed along the x-axis at an infinite distance and
the sky plane, over which the stellar disk lies, is the y-z plane, as shown in the cartoon of
Fig. 5.6. The inclination of the rotation axis with respect to the line of sight is fixed to
i=90◦, this is a reasonable estimate derived from the value of v sin i (being v the velocity
of the stellar equator) reported in Suárez Mascareño et al. (2021). In my model, spots
at different latitudes rotate with the same rotation period Ps, therefore the effects of any
differential rotation, which produce a different rotation period depending on the spot’s
latitude, is ignored. Furthermore, the spots are simulated in such a way they maintain the
same latitude ψ and the same radius rs over time, i.e. they do not migrate in latitude and
do not evolve in size, while their longitude θ changes over time t according to the relation:

θ(t) = θ0 +
2πt

Ps
(5.4)

where θ0 is the longitude at time t = 0, and both t and Ps are expressed in the same
physical units. The spots rotate with the stellar surface with a rotation period Ps, so
they will be on the visible hemisphere of the star only for half of the total period. This
implies that if on the star there is a distribution of N spots, these will not all be visible
simultaneously but they will follow the stellar rotation, by proceeding from the visible to
the non-visible stellar hemisphere. As an example, Fig. 5.6 shows the synthetic stellar light
curves in the K2 and TESS passbands, simulated for V1298 Tau, with the code described
above, and by assuming the presence of 4 spots distributed on the stellar surface, at
latitude ψ=[0◦,5◦,10◦,15◦], initial longitude θ0=[−120◦,−30◦,30◦,120◦], and with radius
rs = 0.2R∗. The spots rotate with a period Ps = 3 d and the simulation covers 3 stellar
rotation periods. The amplitude of the stellar flux variability is greater in the K2 band,
where the contrast between the spot and the photosphere is stronger. This feature can
also be found in the observed data: the K2 data have a modulation amplitude of ∼ 7%,
while the TESS data show an amplitude of ∼ 4%.
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Figure 5.6: Synthetic stellar light curves in the K2 (blue) and TESS (red) passbands
for V1298 Tau, simulated with 4 spots distributed on the stellar surface, at latitude
ψ=[0◦,5◦,10◦,15◦], initial longitude θ0=[−120◦,−30◦,30◦,120◦], and with radius rs = 0.2R∗.
The median flux is subtracted from each simulated light curve and the same value is used
to scale the simulated data. The time series is simulated with a temporal cadence of 50
min and it covers 3 stellar rotation periods. The map in the left hand side panel shows the
spots’ distribution at the time t=0 d, projected onto the 2-d stellar disk. Only two spots
are on the visible emisphere at t=0 d, the remaining two are on the non-visible emisphere.
The observer is along the x-axis at an infinite distance, while z is the rotation axis.

5.4 Data fitting procedure

5.4.1 Fitted parameters

Data observed by TESS in the 2 Sectors have a cadence of 2 min and are binned by using
a temporal step of 50 min. This choice is made both to have reasonable times for data
analysis (as discussed in Sec. 5.4.2) and to use temporal bins smaller than the transit
length (the transit lengths of the 4 planets are reported in Tab. 5.4).

The light curves are fitted by assuming a model with 4 spots, rotating on the surface
of the star with a period Ps = 2.97 d (Suárez Mascareño et al. 2021), thus ignoring the
effect due to the differential rotation. In the model, the spots do not evolve over time in
size and do not migrate in latitude, however the amplitude of the stellar flux modulation
varies between one period and the adjacent one, with greater evidence in the data of
Sector 44 (see Fig. 5.2), suggesting a short evolution of active regions, indeed the time
scales activity computed with the method in Colombo et al. (2022) are comparable with
the stellar rotation period. Therefore, the model presented in Sec. 5.3 cannot be used to
fit the entire light curve of each Sector, but it may be used to fit pieces of the observed
light curves lasting at most one period. For this reason, I divide the observed light curves
into intervals lasting each one period and each interval is shifted by half a period with
respect to the previous one. In each interval, the spots, that at the initial time t0 are in the
visible stellar hemisphere (in front of the observer) are seen twice during a complete stellar
rotation, maintaining the same latitude and radius, while the spots that at t0 are behind
are observed only once during the same interval. Each interval is fitted independently,
therefore no relationship between the parameters of two adjacent intervals is imposed.
Any difference between the spots’ parameters in the different intervals may be due to
their evolution over time or to their migrations. The intervals to be fitted are shown in
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Fig. 5.7. Since each interval lasts 2.97 d and the data are binned with a step of 50 min,
each period to be fitted will have ∼ 80 points (transits and flares removed).

Figure 5.7: Periods to be fitted in the 2 Sectors, represented with different colors and
binned at 50 min. The odd index periods (highlighted in orange, red etc.) are vertically
up-shifted for clarity. The dashed line marks the value of non-spotted flux purposely
modeled for V1298 with ExoTETHyS.

Each jth spot is identified by a radius rjs, a latitude ψj and an initial longitude θj0,
rotating over time according to the Eq. (5.4), for a total of 3 parameters for each spot to
be fitted. The spots are assumed to be completely black. In a 4 spot-dominated model,
the parameters to be fitted are therefore 12.
The value of non-spotted flux, modeled with ExoTETHyS, is fixed to F (T∗) =25 106 e−/sec.
The values estimated by using other databases of stellar atmosphere models differ from
the above value by about 100 e−/sec, however this difference does not remove the vertical
offset between the photospheric flux, modeled without any spot, and the observed flux,
assumed with a spots’ distribution. For this reason, a vertical offset F off is introduced in
the fitting of the different periods, representing additive terms in Eq. (5.3). This offset
takes into account the instrumental emission or residual sky background (or other effects)
that are not completely removed in the SPOC pipeline. Each period (with ∼ 80 points)
will then be fitted with a 13-parameters model: rjs, ψj , θ

j
0 (with j=1,2,3,4), and F off .

5.4.2 The fitting algorithm

Similarly to what done in Ch. 4, the mathematical expression of the log-likelihood function
to be minimized is:

log p(yobs,Θ) = −1

2

N∑
k=1

[f(tk,Θ)− yobs(tk)]2

yerr(tk)2
− 1

2
log 2πy2

err (5.5)

where tk indicates a specific time of the observed period, yobs(tk) and yerr(tk) the observed
flux and the corresponding error, respectively, at the same time tk, and Θ indicates the
set of 13 parameters to be fitted in each period. Here the python package PyMultiNest
(Buchner et al. 2014) is used to maximize the log-likelihood function. The number of live
points is 1 500 for each period. With this choice, and with 80 points per period, each fit
takes about 15 hours to produce the output.

The spot radius rs is normalized to the stellar radius, and I impose that in the fitting
its value can vary in the interval [5 × 10−2, 0.4] to avoid having too small spots (below
the 2-d grid resolution used to map the stellar disk), or too large spots covering the entire

126



stellar surface. The latitude ψ and the initial longitude θ0 are expressed in degrees, and
vary in the interval [0, 90], [−180, 180], respectively, as to speed up the algorithm, the
spots are searched only in the northern hemisphere of the star. In order to standardize
the range of variability related to the three spot parameters, it is preferable to work with
the new variables sin (ψ) and sin (2θ0), in such a way the new interval variability of sin (ψ)
and sin (2θ0) are [0, 1] and [−1, 1]. The factor 2 in sin (2θ0) makes the initial longitude θ0

vary in the interval [−180, 180]. Furthermore, different tests performed by me showed that
a good interval of variability for F off is [Fmax,s − F (T∗), F

max,s − F (T∗) + 500)], being
Fmax,s the maximum observed flux in each Sector and F (T∗) the modeled unperturbed
flux. Tab. 5.3 summarize the priors used for each parameter.

Parameter Prior Bounds

F off [e−/sec] [Fmax,s − F (T∗), F
max,s − F (T∗) + 500)]

sin (ψj) [0, 1]

sin (2θj0) [−1, 1]

rjs [R∗] [5× 10−2, 0.4]

Table 5.3: Parameters and priors used in the fitting algorithm. F off is the flux offset and
its priors depend on both the maximum observed flux in each Sector (Fmax,s) and the
modeled unperturbed flux F (T∗) (reported in Tab. 5.2); ψj , θj0 and rjs are the latitude,
initial longitude and radius of each of the fitted spot (j = 1, 2, 3, 4). Uniform priors for
each parameter are used.

5.5 Results

5.5.1 Properties of stellar spots

Before fixing the number of spots to be fitted, each interval is fitted with a 3-spot model
and a 4-spot model, and the residual standard deviations σ in the two cases are compared.
Fig. 5.8 shows the best-fit models obtained in the first interval of Sector 43, with 3 spots
(orange line) and with 4 spots (blue line), and the corresponding observed data. Each
plotted model is obtained with the set of parameters that maximize the log-likelihood
(MAP, maximum a posteriori probability).

Figure 5.8: Model with 3 (blue solid line) and 4 (red solid line) spots that best reproduce
the first interval of Sector 43, with the corresponding residuals in the bottom plot. The
set of parameters in each model maximizes the log-likelihood. The residual standard
deviations σ are shown in the legend.

Since the residual standard deviation σ is lower for the 4-spot model, the latter is the
favored one from a statistical point of view. This can also be seen from the plot of the
residuals in Fig. 5.8, where the modulation produced by the 3-spot model is greater than
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the size of the errors on the observed data, thus indicating the presence of not-fitted spots
on the stellar surface. However, although the modulation of the residuals is lower for the
4-spot model, the residuals show further modulations potentially compatible with other
smaller not-fitted spots. This kind of analysis, extended to all the periods of the two
Sectors, shows that the 4-spot model is always favored with respect to the 3-spot model.

For each fitted period, I focus on the MAP values found by multinest for the 13 best-fit
parameters. First of all, I note that the offset F off,j obtained from each jth period tends
to decrease over time, following a characteristic trend, and resulting in an average offset
higher in Sector 43 and lower in Sector 44. These results are shown in Fig. 5.9 and reflect
the residual trend of the SPOC-processed light curves in Sectors 43 and 44.

Figure 5.9: MAP values for the parameter F off in each fitted period, in both Sector 43
(black points) and Sector 44 (blue points).

The initial longitudes θj0 are those that mainly determine the maxima and of the
minima in the observed stellar light curve. If the maxima and the minima of the observed
light curve do not change between two adjacent periods, the light curves of both periods
have been generated by spots whose longitudes rotate according to the hourly law in Eq.
(5.4), without significant evolution. In Fig. 5.7, it is possible to identify 4 temporal
segments with six consecutive periods, each possibly generated by not evolving spots. In
order to check this hypothesis, the initial longitude values found in each period are phased
at the same time as follows:

θ′0 = θ0 − 360
[
(
t− t0
Ps

) mod Ps

]
(5.6)

where θ′0 is the phased initial longitude, θ0 indicates the longitude at the beginning
of each fitted period, t is the initial time of each period and t0 is the time at which
each longitude is phased, here set to the initial time of each of the 4 temporal segments
identified in Fig. 5.7. In each period, the spot with the lowest phased longitude (in the
range [-180,180]) has been labeled as Spot 1, followed by Spot 2, 3, 4 having progressively
greater re-phased longitudes. The plot of the phased longitudes is shown in Fig. 5.10. The
results show that the phased longitudes remain almost constant, especially in the first of
the 4 temporal segments, thus illustrating that the spots maintain the same difference in
longitude over time. This evidence is particularly true in the first six periods of Sector 43,
where the longitudes of the spots seem to maintain a temporal coherence; in the following
periods, however, there might be a migration of the spots in longitude and this could be
explained by the fact that the evolution time scales for the stellar activity are comparable
with the stellar rotation period.
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Figure 5.10: Initial longitudes for each of the fitted periods in the two Sectors, phased at
the initial time (blue dashed line) of the belonging temporal segment. The plotted phased
longitudes are obtained from the MAP values.

However, this property is not true neither for the latitudes nor for the radii of the 4
spots, i.e. these parameters do not maintain consistent values even in few periods, but
are correlated with each other, as illustrated in Fig. 5.11. In the two Sectors, spots at
higher latitudes are larger in size and vice versa and this is an inherent degeneracy that
the model cannot remove. This can also be seen comparing the surface models obtained
for the same time when fitting two adjacent periods: spots have the same longitudes, but
result or in larger and higher latitude spots or in smaller and lower latitude spots. An
example is shown in the central and right panels of Figs. 5.12 and 5.13, each illustrating
the visible hemisphere of the star at the same time (as marked in the title), but with MAP
values for the spot parameters obtained from adjacent periods. This implies that the same
observed flux can be reproduced by a different spots’ distribution on the visible stellar disk
and that the model used here is able to find the spot longitude while is degenerate in the
spot latitude-size determination.
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Figure 5.11: Scatter plot of the latitudes ψ vs. the radius rS of the 4 fitted spots in
the 2 Sectors. The colored points refer to Sector 43, the colored crosses to Sector 44,
respectively.

Figs. 5.12 and 5.13 also show a comparison between the maps of the spotted stellar
disk obtained with the procedure described above, applied to the TESS data, and the maps
obtained from an independent analysis of data observed with the HARPS-N spectrograph
(Cosentino et al. 2012), simultaneously with the TESS observations, conducted by Di
Maio et al. (2023, submitted). The authors use a stellar activity model dominated by
an assigned number of spots in the visible stellar hemisphere to fit the cross-correlation
function obtained from a spectrum observed at a given time. In their model, the spots
are completely black and a linear limb darkening law is used, therefore from their fitting
algorithm, they derive the latitudes, the longitudes and radii of the spots. Contrary to
the model described here, where the spots rotate over one period with the stellar surface,
in their analysis there is no temporal coherence between observations taken at different
times. The left panels of Figs. 5.12 and 5.13 show the maps obtained from the analysis of
HARPS-N data of V1298 Tau assuming a 2-spot model on the visible emisphere, consistent
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with my model that assumes 4 spots distributed over the entire surface of the star. Both
HARPS-N and TESS suggest the presence of a large high-latitude dominant spot. I notice
that the HARPS-N configuration is derived from an snapshot spectroscopic observation at
a given time, while the two TESS configurations at the same time are obtained imposing a
temporal coeherence within the same fitted period and no spots’ evolution, and the same
time is reproduced at the end of a given period (central panels of Figs. 5.12 and 5.13) and
at the beginning of the following one (right panels). Similar results are obtained for all
the other simultaneous observations of TESS and HARPS-N.

Figure 5.12: Maps of the V1298 Tau star relative to the time reported in the title of the
panel, obtained from independent data, observed with HARPS-N (left panel) and TESS
(central and right panels). For the TESS analysis, only two of the 4 spots are in the visible
hemisphere of the star.

Figure 5.13: As in Fig. 5.13, for a different time.

Fig. 5.14 shows the best-fit periods obtained with the MAP values, compared to the
observed data, and the corresponding residuals. The model describe fits quite well the
observed modulation (see the values of reduced chi-squared reported in the legends of Fig.
5.14). However, in each period, the residuals show that the starting and ending points
badly reproduce the observed data. For this reason, the model that best reproduces the
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entire observed light curve is obtained by concatenating pieces of each period ranging from
1/4 to 3/4 of the rotation period. Similarly, the best-fit spots parameters follow the same
selection: in each period, the initial longitudes of the 4 spots are rotated according to
the Eq. (5.4) and scaled to values between [-180◦,180◦], while the latitudes and the radii
remain constant; then I select the spots’ parameters within 1/4 and 3/4 of the period
considered. By concatenating these values, the spots’ parameters that best reproduce the
observed stellar light curve are obtained (see the bottom panel of Fig. 5.14 showing the
filling factors obtained from the best-fit concatenated values). In this way, the radius and
latitude values obtained for each spot are constant for half period, but different between
contiguous half periods; the longitudes instead rotate coherently for half period and then
change values to rotate again coherently in the following half period. This is the model
that best matches the observed data.

Figure 5.14: Best-fit curves obtained from the maximum probability values (black lines),
and the observed data for Sector 43 (upper panel) and 44 (lower panel). The vertical shift
is used to avoid overplotting between the fitted periods. The legend report the reduced
chi-squared for each fitted period. For each Sector, the differences between the fitted
model and the observation are illustrated.

5.5.2 The spots’ influence on the planetary transits - Unocculted spots

The original data set F obs(t) observed by TESS, with transits and without flares, are
reconsidered and binned with a temporal step of 10 min, and the best-fit spots’ parameters
are used to compute the model of stellar light-curve F bf (t) for all the temporal bins
(including those within the transits). The ratio between the observed data and the best-
fit model is shown in the upper panel of Fig. 5.15. This ratio shows the presence of further
structures that are not fitted by my model, leaving residual signals of the order of ∼ 0.1%,
i.e. an order of magnitude lower than the amplitude of variability of the initial light curve
(∼ 3%). Therefore, although the model reduces the modulation induced by the spots, it
does not consider the effect of other small structures that induce variations comparable
with the transit depth of the smaller planets c and d. In addition to these structures, in
Fig. 5.15 it is possible to clearly see the transits of the planets orbiting around V 1298:
4 transits for the planet c, 4 for planet d, 1 for planet b, 1 the planet e. Both the first
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transits of planet b and planet c are not considered as they overlap each other. Dividing
the observation for the model is equivalent to dividing each planetary transit by an out-of
transit spotted flux, therefore the transit depth is affected by the presence of the spots,
therefore the ratio between the observed light curve F obs(t) and the modeled stellar flux
F bf (t) is the “uncorrected”light curve LC(t)uncorr.

Figure 5.15: In the upper panel the ratio between the observed data (with the transits) and
the model of stellar light curve built with the best-fit spots’ parameters. In the lower panel
the spots’ filling factors vs. time. The analyzed transits of the 4 planets are highlighted
with different colors (specified in the legend). The first transits of both planet c and b are
not considered as they overlap each other.

Fig. 5.15 also shows the spots’ filling factors, projected onto the plane of the stellar
disk, vs. time, computed as in Eq. (A.52). The plot is particularly useful for obtaining
information on the stellar activity level at each time and therefore for comparing the spots’
coverage on the stellar disk when considering transits of the same planet at different times.
The curve of filling factors is discontinuous in correspondence with the times that connect
two adjacent half-periods. This discontinuity comes from the way I have built the best-fit
model of stellar light curve, i.e. by attaching the central half-period of each best-fit period
in Fig. 5.14, and it may indicate an evolution of the spots, both in size and in latitude,
as well as in longitude; this is expected since the time scale of evolution of active regions
found with the method in Colombo et al. (2022) is comparable with the stellar rotation
period. Furthermore, the degeneracy between the spots’ latitudes and radii can also pro-
duce these discontinuities in the curve of projected filling factors when attaching adjacent
half-periods.

Furthermore, if the spots on the visible hemisphere, i.e. with -90 ≤ θ ≤ 90, are selected
at each time t, by using Eq. (A.29) to compute the distance d between the center of each
spot and the center of the star, it is possible to note that the spots are for the most of
the time concentrated in the outer region of the stellar disk. This is shown in Fig. 5.16,
where the distances of the 4 visible spots vs. time are represented. The right histogram
shows that for most of the time, each spot is located at distances d > 0.7R∗.
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Figure 5.16: Distances between the center of each visible spot and the center of the stellar
disk, projected onto the stellar disk, vs. time. Each spot is represented with a different
color (specified in the legend). The transits of the 4 planets are highlighted. The right
histogram shows the distribution vs. derived distances.

Despite the clear evidence of spot crossing events (Feinstein et al. 2022), I will work
under the assumption that the spots found in the fitted stellar light curves are not crossed
by the planets during their transits. The planets’ uncorrected light curves are fitted with
the batman model for planetary transits (BAsic Transit Model cAlculatioN, Kreidberg
2015) in order to recover the radii of the 4 planets, fixing all the other orbital parameters to
the values reported in Tab. 5.4. To increase the SNR, all the transits of the same planet are
simultaneously fitted. The fitting is run with multinest, using 10 000 live points and making
Rp/R∗ vary in the range [0 − 1]. Since the radii will be contaminated by the presence
of non-occulted spots, I will indicate the retrieved best-fit radii as “uncorrected”radii
(Rp/R∗)

uncorr. The values are reported in Tab. 5.4, and they are slightly different from
those found in Feinstein et al. (2022). In particular, for the planets c, b and e the radius is
larger than the value reported in Feinstein et al. (2022), while for the planet d the radius
is smaller. This difference may be due to the different limb darkening laws used (here
a linear limb darkening law is used, while Feinstein et al. (2022) use a quadratic limb
darkening law).

Table 5.4: Planetary parameters used to derive the relative planetary radii, corrected
(Rp/R∗)

corr and uncorrected (Rp/R∗)
uncorr for the presence of non-crossed spots. The

reported values of Rp/R∗ refer to the 16%, 50% and 84% quantiles of the a-posteriori
distribution. T0 is the mid-transit time, T14 is the transit duration, P the planet orbital
period, a/R∗ the ratio between the semi-major orbital axis and the stellar radius, i the
orbital inclination. n is the transits’ number for each planet analyzed in this work.

Planet c Planet d Planet b Planet e

T
(a)
0 [BJD - 2457000] 2481.16636+0.00269

−0.00339 2478.41494+0.00172
−0.00157 2481.09023+0.00129

−0.00132 2481.79668+0.00121
−0.00114

T
(a)
14 [h] 4.66+0.49

−0.43 5.59+0.57
−0.53 6.42+0.66

−0.61 7.44+0.79
−0.71

P (a)[d] 8.2438+0.0024
−0.0020 12.3960+0.0019

−0.0020 24.1315+0.0033
−0.0034 44.1699± 65

a/R
(b)
∗ 13.19± 0.55 17.31± 0.72 27.0± 1.1 51+31

−11

i(b)[◦] 88.49+0.92
−0.72 89.04+0.65

−0.73 89.00+0.46
−0.24 89.40+0.26

−0.18

n 4 4 1 1

(Rp/R∗)
uncorr 0.0440± 0.0007 0.0354± 0.0010 0.0693+0.0009

−0.0010 0.0754+0.0016
−0.0014

(Rp/R∗)
corr 0.0434± 0.0008 0.0348± 0.0010 0.0634± 0.0013 0.0746+0.0016

−0.0014

(a) Values from Feinstein et al. (2022); (b) values from David et al. (2019b).
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The uncorrected transit depth δ(t) is given by:

δ(t) =
F bf (t)− F obs(t)

F bf (t)
= 1− LCuncorr (5.7)

where the terms F bf (t) and F obs(t) represent the fluxes out-of transit and during the transit
used in Chs. 2 and 3. In order to derive the corrected transit depth, the term δ(t) is multi-
plied for a factor taking into account the stellar activity level, given by F spotted(t)/F (T∗),
being F spotted(t) the modeled spotted flux, built with the best-fit spots parameters and
F (T∗) the modeled unspotted flux. The corrected planetary transit light curves will be:

LCcorr = 1− δ(t)F
spotted(t)

F (T∗)
(5.8)

The previous equation is used to correct the planetary light curves and it is equivalent to
the method used in Ch. 3 to derive the corrected light curves in the cases of unocculted
spots. The correction factor F spotted(t)/F (T∗) reduces the transit depth by a factor be-
tween 0.8% and 4.3%, depending on the stellar activity level at the time of the transit. For
the larger planets (b and e), these values lead to a correction factor of at most 0.02% of the
observed transit depth, which is 4 times lower than the percentage error on the observed
data (∼ 0.08%). For the smaller planets (c and d), the correction is at most the 0.007% of
the observed transit depth, i.e. an order of magnitude lower than the percentage error on
the observed data. Therefore, in both cases, it is not possible to appreciate and to correct
the variations of the transit depth caused by not-crossed spots in the single transit. In or-
der to increase the SNR, I sum up all the corrected light curves LCcorr of the same planet,
and, as before, I fit them leaving the planetary radius as the only free parameter. Such a
study allows to understand if there are significant variations in the derived planetary radii
when considering all the corrected transit light curves and all the uncorrected light curves.
The values of (Rp/R∗)

corr are reported in Tab. 5.4. Both the corrected and uncorrected
best-fit planetary light curves are shown in Fig. 5.17, together with the observed light
curves, corrected for the effect of unocculted spots. Fig. 5.17 shows that, despite the
plotted curves are corrected for the presence of unoccculted spots, the last two transits
of planet c continue to show different transit depths: in particular, the depth of the last
transit is larger than that observed in the penultimate transit. This effect may be caused
by a different level of stellar activity in the two transits that the method fails to correct
well: in fact, the filling factor in Fig. 5.15, in correspondence with the last two transits
of planet c, show that the star passes from a quiet scenario (ff ∼ 1%) to a more active
phase (ff ∼ 4%), thus justifying the greater transit depth in the last observed transit.
Therefore, the correction seems not to be efficient for planet c when single transits are
considered, due to the combination of a too small spots’ contamination and a too small
transit depth. Furthermore, the correction is not efficient even if 4 corrected transits are
summed up. Analogous considerations can be done for planet d; contrarily, the correction
may become important with respect to the noise level for both planets b and e, as their
radii are larger, especially if more transits where the star is particularly active are summed
up.
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Figure 5.17: Best-fit planetary light curves, uncorrected (red solid line) and corrected
(black solid line) for the presence of unocculted spots. The best-fit models are obtained
with the median values of Rp/R∗, reported in the Tab. 5.4. The data with the error bars
are the corrected light curves LCcorr and the differences plotted in the lower panels of
each plot are between the corrected light curves and the corrected best-fit models. The
first transit of each planet is represented in light blue, the subsequent transits (if any) in
blue, light green and dark green.

However, it should be stressed that the method suffers from an intrinsic degeneracy
between the radii and latitudes of the retrieved spots and more accurate corrective factors
F spotted(t)/F (T∗) may be obtained by removing this degeneracy.

Fig. 5.18 shows the difference between the uncorrected and corrected radii derived for
each planet: while for planets b, c and e the overestimate caused by the unocculted spots
is negligible with respect to the size of the errors, the effect may become significant for
planet b. However, it should be stressed that the effect of any crossed spot is neglected
here, and it may become relevant for planet b as its light curve is clearly affected by spot
crossing events (see the bottom left panel of Fig. 5.17).
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Figure 5.18: Overestimate of the radii of the 4 planets orbiting V1298 caused by non-
crossed spots, in the TESS band. Each value is the average of n transits (reported in Tab.
5.4).

5.5.3 Expected spots’ effect in the K2 band

In the previous section, I have estimated the spots’ parameters that best match the ob-
served TESS light curve. Here I assume that the same spots are simultaneously observed
by the K2 instrument, in a bluer band, and for each transit I derive the effects due to un-
occulted stellar spots on the transit depth determination. This experiment is to quantify
which can be the effects of the band pass in determining the planetary radius if stellar
activity is present. To this purpose, I generate the stellar light curve of V1298 as observed
by K2, using the linear limb darkening coefficient and the flux F (T∗) from the immaculate
photosphere reported in Tab. 5.2, and I compute, for each transit, the contamination
factor c = F (T∗)/F

spotted, giving the overestimate of the transit depth (Rackham et al.
2018). F spotted is the averaged spotted flux during each transit. A comparison between
the contamination factors in both the TESS and K2 bands is shown in Fig. 5.19. The
contamination due to the spots is not always stronger in the K2 band (i.e. the bluest
one), where the contrast between the unspotted star and the active star is expected to be
stronger. The distortion induced by the spots is stronger in the TESS band when the star
is dominated by large spots located in the outer region of the stellar disk. This effect can
be seen comparing Fig. 5.16 and Fig. 5.19.

Figure 5.19: Contamination factor F (T∗)/F
spotted in the K2 (blue) and TESS (red) bands

for all the observed transits of the 4 planets orbiting V1298 (represented with different
markers).
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As a matter of fact, Fig. 5.20 shows the contamination factor computed for a star
dominated by only one spot, but at difference distances from the center of the star, in
both the K2 and the TESS bands. As long as the spot is at distances lower than 0.7
R∗, the distortion in the K2 band is stronger, but for higher distances the distortion in
the TESS band becomes the dominant one. This effect is uniquely related to the limb
darkening and is independent on the law used to parameterize the limb darkening effect.
In fact, in the hypothesis of black spots, a spot with assigned size and located at the edge
of the stellar disk, subtracts, in percentage, less flux in the K2 band because the limb
darkening is stronger than in the TESS band, thus causing a lower distortion.

Figure 5.20: Contamination factor F (T∗)/F
spotted in a star with one dominant spot whose

center is moved to different distances (projected onto the stellar disk) from the center of
the stellar disk, in the K2 and TESS bands.

Therefore, the presence of unocculted spots may produce different effects on the ap-
parent planetary radius, depending on the specific spots’ distribution and on the observed
band. This evidence may also explain that the slightly greater radius found in the TESS
band for the only observed transit of planet e, is caused by unocculted spots in the outer
region of the stellar disk, while the spots’ distribution in the other transits is “on aver-
age”more concentrated at smaller distances from the stellar center. However, this hypoth-
esis requires that similar spots’ distributions should also occur for the K2 observations
of the transits of the same planets. For both planets b and e, the planetary transit light
curves also shows a modulation during the transit compatible with crossings over the spots,
which are not taken into acconut here, and these may, on the other hand, give another
possible explanation of the different transit depths found in both K2 and TESS.

The fact that from the TESS light curves I derive spots that are for the most of the
time located in the outer region of the stellar disk may be caused by the degeneracy I found
between the latitutde and the radius of the spots. In principle, multiband simultaneous
observations may help in breaking this degeneracy.

5.6 Discussion and future perspectives

In this chapter the TESS light curves of V1298 Tau are analyzed, assuming a pattern of the
stellar activity dominated by spots rotating on the stellar surface. This analysis allowed
to derive the properties of the spots distributed on the stellar surface and to use these
spots to correct the planetary transit light curves, in the hypothesis of uncrossed spots.
By using the same spots, I have predicted the impact that the same spots may cause on
the derivation of the planetary radius in observations with K2, assuming that they are
simultaneous with the data observed by TESS. I have found that the effect induced by the
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spots in the two bands is not always in the same direction, i.e. the radius is not always
overestimated in the K2 band, but it depends on the spots’ distribution on the stellar disk
at the specific time of the transit. In particular, if the transit is dominated by large spots
in the inner region of the disk (d < 0.7R∗), the effect induced by the spots is stronger in
the K2 band, vice versa the effect of the spots is greater in the TESS band. This result
is independent on the limb darkening law used, because a large spot at the stellar edge
causes a greater distortion in the band in which the limb darkening effect is lower (i.e. the
reddest band). This may justify both the fact that the radii of the planets c, d, b derived
in the K2 band (David et al. 2019b) are greater than those derived from TESS (Feinstein
et al. 2022), while the opposite effect occurs for the planet e. However, I remark that this
analysis does not take into account the crossings over the spots, and this evidence may
become important above all for both planets b and e, where the SNR increases.

The stellar activity model presented here allows to reliably retrieve the longitudes of
the fitted spots. This evidence can be derived from the fact that in pieces of light curve
lasting the equivalent of three rotation periods, the longitudes of the fitted spots, phased at
the same initial time, are consistent with each other. However, the model suffers from an
intrinsic degeneracy in the determination of the latitude and radius of the spots. This de-
generacy may heavily influence the correction of the planetary light curves when assuming
the presence of unocculted spots, as well as the results obtained. In principle, multiband
photometric observations may help break this degeneracy. Furthermore, the photometric
time series in a single band does not allow to constrain the spots’ temperature; for this
reason here the spots are black. Finding some valuable constraints on the spots’ temper-
ature is the subject of Biagini et al. (2022), in prep., where the authors fit simultaneous
observations of V1298 Tau in different photometric bands with ground-based telescopes
in order to derive the geometric properties of the spots (radi, latitudes and longitudes)
and their temperature. A step forward in my work may be to apply this analysis as soon
as more robust constraints on the spots’ temperature will be derived. The results of my
analysis show that the transit depths of the 4 planets in the primary eclipse light curves
are too small to have appreciable corrections for the non-occulted spots. As a matter of
fact, for the larger planets (b and e) the correction is . 0.02% of the transit depth, while
for the smaller planets (c and d) the correction is . 0.007% of the observed transit depth,
in both cases smaller than the percentage error on the observed data (∼ 0.08%).

The work is focused on the effect of unocculted spots, but there is a clear evidence
of spot crossing events (as discussed in Feinstein et al. 2022). For instance, the light
curve of planet b, in the second transit observed by TESS, contains a modulation that
may be compatible with a spot crossing event (see the left bottom panel of 5.17). In
order to understand if the spots’ distribution found from the fitting of the stellar light
curve is compatible with such a modulation, I simulate the trajectory of the planet b with
pylightcurve (Tsiaras et al. 2016) by using the parameters reported in Tab. 5.4 and I
rotate it on the plane of the stellar disk until it crosses the spot represented in the left
panet of Fig. 5.21 (ψ = 0.94◦, θ = −25.3◦, rs = 0.12R∗). pylightcurve simulates the
planets’ trajectory from the semi-major axis, the orbital period, the mid-transit time, the
orbital inclination, and possibly the eccentricity and the periastron (both set to zeros for
all the planets of this planetary system). The rotation of the planet’s orbit on the plane
containing the stellar disk does not change the planet impact parameter, therefore its
orbital inclination, but it changes the angle formed between the axis of the planet’s orbit
and the stellar rotation axis. By rotating the planetary orbit by 85◦ clockwise, the spot is
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crossed by the planet and the position of the observed bump in the observed light curve
may be compatible with this crossed spot. My model takes into account the rotation of
the spots during the transit.

Figure 5.21: Transit of the planet b obtained by rotating the planet’s trajectory (simulated
with pylightcurve) by 85◦ clockwise in the plane of the stellar disk, so that it crosses the
spot. On the right, the map of the star at a specific time during the transit (t=2505.23
[BJD-2457000]). The crossed spot is at latitude ψ = 0.94◦, longitude θ = −25.3◦, and has
radius rs = 0.12R∗; the planet radius is Rp/R∗ = 0.0634 (the “corrected”value derived in
this work). The solid black line is the planet’s trajectory simulated with pylightcurve,
while the dashed line is the rotated trajectory. On the left the corresponding light curve.

However the amplitude of the bump is not correctly reproduced. This is due to the
fact that both the spot and the planet are simulated as completely black objects, and
when the planet crosses the spot and enters it completely, the observed stellar flux is
the same observed out-of transit (and without any planet). Therefore the effect occurs
because the planet radius is smaller than the spot radius and both are simulated as objects
with no emission. In principle, it is possible to reproduce the bump amplitude by using
a realisitic value for the spots’ temperature (Biagini et al. 2022, in prep.), thus reducing
the amplitude of the simulated bump. Such a study would allow to have a more accurate
estimate of the planets’ radii, but also to derive the inclination between the axis of the
planetary orbits and the stellar rotation axis, in the assumption that it is possible to break
the degeneracy between the latitude and the radius of the spots.
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Chapter 6

Summary and conclusions

The main topic of this PhD thesis is to model the stellar activity and to quantify its effects
on observations of transiting planets, by focusing on the stellar spots. In the first part of
the thesis I developed a technique to model the stellar spots by focusing on low-resolution
spectroscopy with space-based telescopes and to correct the planetary transit light curves.
The idea behind the thesis is to start from a basic model of the stellar activity and to
gradually add further components to make it more realistic. The method presented here is
tested on realistic simulations of future observations of the Ariel mission and is also tested
on real observations aquired by the orbiting Hubble Space Telescope. In the second part
of the thesis, the method is extended to photometric time series of transiting planets in
order to quantify the effect of the star spots on the measurements of the radii of transiting
planets in different photometric bands.

In Chs. 2 and 3, I simulated planetary transits in the presence of spots, using the Ariel-
Rad code and developing specific correction techniques, tested on three planetary systems,
future targets of Ariel (HD 17156 b, HAT-P-11 b, K2-21 b). In particular, the thesis fo-
cuses on the contamination arising from stellar spots, showing that with their chromatic
distortions they may mimic the existence of an exoplanetary atmosphere, even when there
is none. The goal of this work is, in fact, to discriminate the chromatic variations in the
planetary spectrum due to the spots from those caused by the presence of ions, atoms
and molecules in the planet’s atmosphere. The outcome of the analysis produces both the
description of the activity properties of the host during the observations and the planetary
spectrum. It is therefore of interest both for stellar and planetary studies. The analysis
proposed here is based on two main steps: the first step is the analysis of the out-of transit
spectrum to derive the stellar spots properties, the second one consists in correcting the
observed spectral light curves with the curves modeled with the spots parameters derived
from the out-of transit, thus extracting the corrected transmission spectrum (not per-
turbed by the presence of the spots). This type of two-step analysis may be particularly
useful compared to other analyses, where the planet transmission spectrum is fitted by
simultaneously modeling the planetary atmosphere and the stellar activity. For instance,
Saba et al. (2022) analyzed the transmission spectrum of WASP-17 b (Anderson et al.
2010) by using the STIS and WFC3 instruments aboard HST (spectroscopy from ∼0.4 to
∼1.7 µm) and IRAC channels 1 and 2 on the Spitzer Space Telescope (photometry at 3.6
and 4.5 µm) and used the TauREx code to model the physical/chemical properties of the
planet’s atmosphere and the TauREx plug-in to model spots and faculae on the stellar
surface (Thompson et al. 2022, in preparation). However, the authors find a strong anti-
correlation between the temperature of the atmosphere and the temperature of the spots
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and a correlation between the temperature of the spots and the atmospheric pressure.
These correlations may be greatly reduced if the spots’ properties were inferred from the
out-of transit spectrum, where there is no planet contamination.

My analysis starts in Ch. 2 with a basic model of the stellar activity, where the star
contains only spots on its surface, simulated as pieces of the photospere with a lower tem-
perature, while the stellar emission is assumed to be uniform over the whole stellar disk.
The spots are therefore characterized by two parameters: the filling factor ff , expressing
the fraction of the stellar disk covered by the spots, and the temperature Ts. Since the
stellar emission is uniform, the planet’s impact parameter is not relevant when deriving
the planet’s spectrum. In Ch. 3 the stellar activity model also includes the limb darkening
effect. In this case, both the position and the number of spots in the visible stellar hemi-
sphere become important; however, when fitting the out-of transit spectrum, I assume
a model where the star has one dominant circular spot, characterized by a filling factor
ff , a temperature Ts and a radial distance d from the center of the stellar disk (given
the symmetry of the problem), thus increasing to 3 the number of spot’s parameters to
be fitted. Moving from Ch. 2 to Ch. 3, I introduced the limb darkening effect into the
stellar activity model, and I showed that in the stellar disk there is an annular region (for
d ∼ 0.6R∗) in which the properties of spots having ff < 2%, derived assuming activity
models with and without limb darkening, give the same parameters for the spots. How-
ever, even if the averaged stellar spectrum predicts the same spots, the correction on the
spectrum of the planet must take into account, wavelength by wavelength, the effect of
limb darkening effect, since the planet covers different portion of star during the transit.
Therefore, including the limb darkening is crucial for a correct derivation of the transmis-
sion spectrum of the planet together with its impact parameter. Another important result
of this chapter is that the presence of spots does not affect the derivation of the planet’s
orbital parameters, so they can be fixed (having a good estimate), and we can focus only
on the effect on the planetary radius.

The technique presented in the first two chapters may be extended to all low-resolution
transit spectroscopy observations from space-based telescopes (e.g., HST or JWST), pro-
vided that we have a good simulator of the instrument performances. This analysis may
provide valuable information about the spots’ parameters in stars whose activity is dom-
inated by spots and may allow the correct derivation of the atmospheric exoplanetary
spectra. As an example, in Ch. 4 the approach is tested on real observations of the
Super-Earth LHS 1140 b, acquired with HST/WFC3. The results of my analysis led to
two possible scenarios: in the first one the star has a temperature T∗ = 3216 K and is
very active (the estimated filling factor is ff ∼ 65% and the spot temperature is Ts ∼
2760 K); in the second one the star is quiet, according to the evidences in the literature,
but with a temperature of about 2915 K. In both scenarios, the spectrum extracted with
TauREx favors a flat spectrum without presence of water. However, the method presents
some limits since it does not take into account other effects than spots. These phenomena
include the granulation (see, e.g., Chiavassa et al. 2017; Sarkar et al. 2018), or faculae (see,
e.g., Edwards et al. 2021; Rackham et al. 2018). These may be included in future works,
thus giving a more complete description of the stellar activity pattern in LHS 1140.

Furthermore, the method could be applied to sets of simultaneous multiband photo-
metric observations, as long as the number of photometric channels is greater than the
number of spots’ parameters to be fitted. However, the method cannot be applied directly
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to photometric observations in a single band, as it requires that the out-of transit observa-
tion is fitted with a stellar activity model with at least 2 (Ch. 2) or 3 (Ch. 3) parameters.
However, when having a photometric time series and giving up knowing the spots’ tem-
perature, it is possible to model the stellar light curve by assuming a star model made of
an assigned number of spots. This approach can be found in Lanza et al. (2016), where a
spot modelling of the optical light curves of five weak-line T Tauri stars belonging to the
star-forming region of NGC 2264, observed with the space telescope CoRoT (Auvergne
et al. 2009), is performed. In particular, the authors apply two-spots and evolving single-
spot models in the framework of a Bayesian MCMC approach to derive the a posteriori
distributions of the starspot parameters and the inclination of the star rotation axis, by
assuming that the spot contrast is fixed at the solar value (Fλ(Ts)

Fλ(T∗)
= 0.677, being Fλ(T∗)

and Fλ(Ts) the emission from the photosphere and from the spots, respectively). With
a similar approach, in Ch. 5, the TESS light curves of V1298 in Sector 43 and 44 are
fitted by assuming a model with zero emission from the spots and with 4-dominant spots
on the entire stellar surface that co-rotate with the stellar surface. Since this model does
not consider the temporal evolution of the single spots, the fitting is done on pieces of
the light curve corresponding to single periods. This analysis allows to derive statistical
information about the spots’ distribution on V1298 Tau, but also to correct the effect of
the spots, assumed not crossed, on the planetary radii of each transiting planet of this
system. The analysis showed that for the small planets of the system (d and c) the cor-
rections may be negligible with respect to the noise, but not for the planets with larger
radii (b and e). I also derived the influence of the same non-occulted spots on the transit
depths of the 4 planets as if they were simultaneously observed by K2, showing that if
the star is dominated by large spots in the inner region of the stellar disk the distortion
induced by non-occulted stellar spots is stronger in the K2 band; vice versa the distortion
becomes stronger in the TESS band. This analysis may explain why the planetary radii
of the planets b, c and d appear greater in the K2 band and that, instead, for the planet e
the planet’s radius is larger in the TESS band. A confirmation of this hypothesis could be
obtained by analyzing the data observed with K2 (not simultaneous with those of TESS)
in order to understand if the spots’ distribution derived in the different transits of each
planet reflects this hypothesis. However, it should be stressed that the effects of cross spots
are neglected here, and taking into account them may greatly improve the determination
of planetary radii. Therefore, a possible improvement of this work may be to assume the
presence of crossed spots with a realistic temperature, and to derive the radii of the 4
planets in this new scenario.

The stellar activity model presented here only includes the presence of spots on the
stellar surface and does not include other photospheric components, such as faculae. The
temperature of the faculae is higher than the photospheric one, therefore they may cause
a chromatic distortion in the extraction of the planet’s transmission spectrum, showing an
effect opposite to the spots. Therefore, in a more realistic case, I should consider both the
effects in order to avoid residual distortions when correcting the planetary spectrum. A
step forward in my work could be to introduce these further photospheric inhomogeneities
in the active star model and to study the effects of the combination of “spots+faculae”in
the extraction of the planetary signal. Again, the model may at first be applied to simu-
lations to understand in which regimes the effects of spots and faculae compensate with
each other and in which a correction for both the effects is requireded, and subsequently
be tested on real observations. For the case of the Super-Earth LHS 1140 b, such a study
combined with future JWST observations may provide valuable constraints on the param-
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eters of spots and faculae derived from the out-of transit observations and allows to better
understand the nature of the modulation observed in the transmission spectrum of the
planet LHS 1140 b. For instance, Wunderlich et al. (2019) estimated that 25 transits are
required to detect H2O with JWST for an Earth-like planet orbiting around LHS 1140.
Such a number of transits taken at different times on one side would increase the SNR on
the extracted transmission spectrum, on the other one it would allow to derive the stellar
activity level (if present) at the time of each transit and therefore to understand if the
star is active or quiet, thus clarifying the results found in this work.
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Appendix A

A.1 Intersection area between planet and spot in the ab-
sence of limb darkening, as computed in Chapter 2

In this Appendix Eq. (2.6) will be derived. The equation which provides the intersec-
tion area gλελ between the spot and the planet at each exposure. Fig. A.1 shows the
geometry of the spot crossing, with a zoom on the spot occultation. For simplicity, the
spot projection on the stellar disk is assumed to be a circle with radius Rspot, while Rλ
is the planetary radius, whose projection is a circle too. Be Γ1λ and Γ2 the two circles
representing the planet and the spot projections respectively, and d the distance between
their centers O and O′. The simplest cases are:

• Rspot +Rλ ≤ d: the spot and the planet do not overlap and the intersection area is
A = 0;

• Rspot ≤ Rλ and d ≤ Rλ − Rspot: the planet is completely covering the spot, so the
intersection area is A = πR2

spot;

• Rspot > Rλ and d ≤ Rspot−Rλ: the planet is entirely over the spot, so the overlapping
area is A = πR2

λ.

The most general case is when there is a partial overlap between the spot and the
planet (|Rλ −Rspot| < d < Rλ +Rspot). We define PÔO′ = α and PÔ′O = β (Fig. A.1);
here we will discuss the case where both α and β are acute angles. This case occurs as
long as:

d ≤
√∣∣R2

λ −R2
spot

∣∣ (A.1)

Eq. (2.6) will be derived in this configuration, but it can be proved by using a similar
approach also for the other possible configurations (α acute and β obtuse or vice versa).
From Fig. A.1, the intersection area A can be written as:

A = A(PQΓ1λ
) +A(PQΓ2) (A.2)

where A(·) indicates the area of the object in brackets, PQΓ1λ
and PQΓ2 are the two

circular segments delimited by the chord PQ (the blue and red region of the zoom in Fig.
A.1). The previous equation may be rewritten as:

A = A(OPQc.s.)−A(OPQt)

+A(O′PQc.s.)−A(O′PQt)
(A.3)
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where the subscripts c.s. and t stand for “circular sector” and “triangle”, respectively.
The areas of the two circular sectors are respectively:

A(OPQc.s.) = R2
λα

A(O′PQc.s.) = R2
spotβ

(A.4)

By applying the Pythagorean theorem we derive:

A(OPQt) = d1λ

√
R2
λ − d2

1λ

A(O′PQt) = d2λ

√
R2
spot − d2

2λ

(A.5)

where d1λ and d2λ are respectively:

d1λ = Rλ cosα

d2λ = d− d1λ

(A.6)

We express the intersection area A in terms of Rλ, Rspot and d.

Figure A.1: Representative image of the spot crossing. The spot is circular and is in the
transit chord. The right box is a zoom on the spot crossing. Γ1λ and Γ2 are the circles
representing the projections on the stellar disk of the planet, with radius Rλ, and of the
spot, with radius Rspot, respectively; d the distance between their centers O and O′. The
overlapping area between the spot and the planet is represented by the colored region.

From Fig. A.1: 
PQ = 2Rλ sinα

PQ = 2Rspot sinβ

d = Rλ cosα+Rspot cosβ

(A.7)

From the first two relations of Eq. (A.7) and the fundamental trigonometric identity
we obtain:

sinα =
Rspot
Rλ

sinβ (A.8)

cosα =

√
1−

R2
spot

R2
λ

sin2 β (A.9)
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By squaring the third relation of Eq. (A.7):

d2 = R2
λ cos2 α+R2

spot cos2 β + 2RλRspot cosα cosβ (A.10)

Through Eq. (A.8), Eq. (A.9) and fundamental trigonometric identities we rewrite Eq.
(A.10) using just the trigonometric function sinβ:

d2 = R2
λ −R2

λ sin2 α+R2
spot −R2

spot sin2 β

+ 2RλRspot cosα cosβ
(A.11)

d2 = R2
λ +R2

spot − 2R2
spot sin2 β

+ 2RλRspot

√
1−

R2
spot

R2
λ

sin2 β

√
1− sin2 β

(A.12)

The following steps consist in isolating the term with the radicals in Eq. (A.12),
squaring both sides of the equation thus obtained, calculating the products and rearranging
in order to derive sinβ as a function of Rλ, Rspot and d:

d2 −R2
λ −R2

spot

2RλRspot
+
Rspot
Rλ

sin2 β =√
1−

R2
spot

R2
λ

sin2 β

√
1− sin2 β

(A.13)

(
d2 −R2

λ −R2
spot

2RλRspot

)2

+
R2
spot

R2
λ

sin4 β +
d2 −R2

λ −R2
spot

R2
λ

sin2 β =

1−
R2
λ +R2

spot

R2
λ

sin2 β +
R2
spot

R2
λ

sin4 β

(A.14)

d2

R2
λ

sin2 β = 1−

(
d2 −R2

λ −R2
spot

2RλRspot

)2

(A.15)

sin2 β =
−d4 −R4

spot −R4
λ + 2d2R2

spot + 2d2R2
λ + 2R2

λR
2
spot

4d2R2
spot

(A.16)

sinβ =

√
−d4 −R4

spot −R4
λ + 2d2R2

spot + 2d2R2
λ + 2R2

λR
2
spot

2dRspot
(A.17)

Thus:

cos2 β =
d4 +R4

spot +R4
λ + 2d2R2

spot − 2d2R2
λ − 2R2

λR
2
spot

4d2R2
spot

(A.18)

cos2 β =

(
R2
spot + d2 −R2

λ

2dRspot

)2

(A.19)

cosβ =
R2
spot + d2 −R2

λ

2dRspot
(A.20)
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Substituting Eq. (A.16) and Eq. (A.17) in Eq. (A.8) and Eq. (A.9), similarly we obtain:

sinα =

√
−d4 −R4

λ −R4
spot + 2d2R2

λ + 2d2R2
spot + 2R2

λR
2
spot

2dRλ
(A.21)

cosα =
R2
λ + d2 −R2

spot

2Rλd
(A.22)

Finally, we can express the areas A(OPQc.s.), A(O′PQc.s.) in Eq. (A.4) as:

A(OPQc.s.) = R2
λ arccos

(
R2
λ + d2 −R2

spot

2dRλ

)

A(O′PQc.s.) = R2
spot arccos

(
R2
spot + d2 −R2

λ

2dRspot

) (A.23)

while d1λ and d2λ in Eq. (A.6) become respectively:

d1λ =
R2
λ + d2 −R2

spot

2d

d2λ =
R2
spot + d2 −R2

λ

2d

(A.24)

By substituting these terms in Eq. (A.3) and by expressing the intersection area as a
fraction of the area of the stellar disk πR2

∗ we obtain Eq. (2.6).

A.2 Modeling the transits in the presence of spots and limb
darkening, as implemented in Chapter 3

A.2.1 Changing the integration variable

In this appendix, it will be shown that:

2π

∫ 1

0
I(µ)µdµ = 2π

∫ 1

0
I(r)rdr (A.25)

The integration variable in the left term of the previous equation is changed from µ to r:

µ =
√

1− r2 =⇒ dµ = − r√
1− r2

=⇒ µdµ = rdr (A.26)

When µ = 0, r = 1; when µ = 1, r = 0. Therefore:

2π

∫ 1

0
I(µ)µdµ = −2π

∫ 0

1
I(r)rdr = 2π

∫ 1

0
I(r)rdr (A.27)
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A.2.2 Computing the fraction of spotted annulus

The starspot can be found anywhere on the stellar surface. ψ0 and φ0 represent the
latitude and the longitude of the spot center, respectively. The spot has a circular shape,
therefore its projection on the stellar disk will be an ellipse with semi axes α = rs and
β = α

√
1− d2, being rs and d the radius and the projected distance of the spot from the

star center in units of the stellar radius. The spot filling factor is ff = r2
s , while the filling

factor projected on the stellar disk is ffp = αβ = r2
s

√
1− d2 ≤ ff . According to this

approach, for spots at the edge of the star ffp = 0.
The coordinate system is such that the x-axis is along the line of sight (the observer is at
x = +∞), y and z identify the orthogonal plane where the projections are defined and the
origin is in the star center (the same convention used in pylightcurve). The projected
spot center is in the position (y0, z0), where:{

y0 = cosψ0 sinφ0

z0 = sinψ0

(A.28)

so the projected distance of the spot is:

d =
√
y2

0 + z2
0 (A.29)

The system is invariant under rotations with respect to the x axis and in order to have an
analytical solution of the intersections between the N annuli concentric to the star and
the elliptical spot the system is rotated around the x-axis in such a way the spot center is
in along the z-axis, in the position (0, d) (see Fig. A.2). The rotation matrix R is:

R =

1 0 0
0 cosω − sinω
0 sinω cosω

 (A.30)

where ω is the rotation angle (shown in Fig. A.2) and it is obtained as:

ω =


arctan (y0

z0
), if z0 > 0

sign(y0)π2 , if z0 = 0

−π + arctan (y0

z0
), if z0 < 0

(A.31)
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Figure A.2: The left-hand panel shows the spot with its center is in the position (y0, z0)
of the projected stellar disk. The x axis is outgoing and the observer is at x = +∞. The
rotation of the system “star+spot” of an angle ω brings the spot center along the z axis,
in the new position (0, d), being d the distance between the spot and the star centers.

The intersection points between the elliptical spot and the N annuli can be found as:{
y2 + z2 = r2

i
y2

α2 + (z−d)2

α2(1−d2)
= 1

(A.32)

where ri is the radius of the ith annulus. After few calculations, we find the solutions z1,2:

z1,2 =
d± dµ0

√
µ2
i + α2

d2
=

1± µ0

√
µ2
i + α2

d
(A.33)

where µ0 =
√

1− d2 and µi =
√

1− r2
i . For the y coordinates:

y2 =
−µ2

0 − µ2
i − α2µ2

0 ∓ 2µ0

√
µ2
i + α2

d2
(A.34)

Since real solutions for y are searched, the solution z =
1+µ0

√
µ2
i+α

2

d is discarded, therefore
the solutions y1,2 will be:

y1,2 = ±

√√√√−µ2
0 − µ2

i − α2µ2
0 + 2µ0

√
µ2
i + α2

d2
(A.35)

To compute the annulus fraction f(ri) covered by the spot, three cases are distinguished:

1. d ≥ β (the spot does not include the star center):

f(ri) =

{
1
π arctan

(y1

z

)
, if |ri − d| ≤ β

0, if |ri − d| > β
(A.36)

being y1 the positive solution;
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2. d < β (the spot occults the origin):

f(ri) =



1, if ri ≤ β − d
1
π arctan

(y1

z

)
, if |ri − β| < d & z > 0

1
2 , if z = 0

1 + 1
π arctan

(y1

z

)
, if |ri − β| < d & z < 0

0, if ri ≥ β + d

(A.37)

3. d = 0 (the spot and the star centers coincide):

f(ri) =

{
1, if ri ≤ rs
0, if ri > rs

(A.38)

Each term f(ri) depends on the spot filling factor and on its distance from the star
center. In order not to weigh down the notation, the dependence of the radius of ff on
ri is made explicit. Furthermore:

N∑
i=1

f(ri) · 2πri ·∆r = πffeff (A.39)

being ffeff = ff
√

1− d2. ffeff is the effective spot filling factor, projected on the star
disk.
This mathematical derivation is valid for small spots, in the hypothesis that the spot
surface can be approximated with a circle on the plane tangent to the stellar surface in
the spot center. The algorithm presented in this Appendix is implemented in a routine
written in python.

A.2.3 Computing the fraction of spotted annulus occulted by the planet

When a planet crosses a spot it is important to take into account the flux of the active
region occulted by the planet; since the planetary radius Rλ is wavelength-dependent, this
fraction will depend on the wavelength λ. By following the ring integration, you have to
compute each fraction cλ(ri, t) of annulus intercepted by the overlapping area between the
spot and the planet at time t. Let’s focus on a generic time t where the spot is crossed by
the planet. In order to have analytical solutions both the spot and the planet are rotated
by the same angle ω in Eq. (A.31). In this work transiting systems with high impact
parameters will be simulated, therefore the overlapping region between the spot and the
planet does not encompass the origin.
The intersection points (y1,2, z1,2) between the N annuli and the elliptical spot have been
obtained in Appendix A.2.2, while the intersection coordinates (y3,4, z3,4) between the N
annuli and the planetary external circumference can be found as:{

y2 + z2 = r2
i

(y − yp)2 + (z − zp)2 = r2
λ

(A.40)

where rλ = Rλ
R∗

. With a simple algebra the intersection points (y3,4, z3,4) are:z3,4 =
−gd±

√
(gd)2−(g2+1)(d2−r2

i )

g2+1

y3,4 = gz3,4 + d
(A.41)
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being g = − zp
yp

and d =
y2
p+z2

p−r2
λ+r2

i

2yp
. By indicating with (y′, z′), (y′′, z′′) the contour points

of the overlapping region between the spot and the planet, the fraction cλ(ri) will be:

cλ(ri) =
| arctan (y

′

z′ )− arctan (y
′′

z′′ )|
2π

(A.42)

A.3 Model of stellar activity used in Chapter 5

This appendix contains a detailed description of the stellar activity model used in 5.

A.3.1 The stellar disk in a 2-d polar grid

In order to describe the emission from the different parts of the star, the stellar disk is
divided into small pieces, each obtained by using a grid in plane polar coordinates. In par-
ticular, the stellar disk is divided into n annuli concentric with the center of the star, and
each annulus is in turn divided into m parts, thus generating a grid n×m where the center
of each ith element is identified by two polar coordinates ri and αi. Radially the grid is
generated by using 250 equally spaced annuli from the center up to 0.8 R∗ and by doubling
the radial resolution on the outer part from 0.8 R∗ to 1 R∗. Sampling the outer part with a
higher resolution is a consequence of the limb darkening effect, which is negligible up to 0.8
R∗ but becomes significant in the external region. The angular resolution is instead fixed
at 500 elements per annulus, in the interval [0, 2π], thus generating elements that are larger
along the angular direction on the outer annuli. Fig. A.3 shows a schematic represen-
tation of the 2-d polar grid, where each pixel is identified by the coordinates of its centroid.

Figure A.3: Representative illustration of the 2-d polar grid, with a higher radial resolution
in the outer part of the stellar disk (R > 0.8R∗). Each pixel is identified by the coordinates
(ri, αi) of its center.

In order not to have to analytically treat the problem of the projection of circular
spots distributed on the stellar surface (which is complicated for a realistic distribution
of spots), it is preferred to use a spherical coordinate system to identify the position of
the spots on the stellar surface, and then to project this onto the plane of the stellar disk,
parameterized via the polar coordinate grid previously built. To this purpose, we choice
a 3-d coordinates system where the x-axis is aligned with the observer’s position, at an
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infinite distance, while the y- and z- axes identify the plane of the stellar disk. At first,
the polar coordinates r and α are converted in Cartesian coordinates y-z over the plane
of the stellar disk (see Fig. A.4), by using the following relations:{

y = r cosα

z = r sinα
(A.43)

Figure A.4: Spherical coordinates system used to build the stellar surface in 3-d. φ and θ
are the colatitude and the longitude, respectively. ρ is the radial coordinate, representing
the stellar radius. The observer is along the x- axis, at an infinite distance, while the z-
axis is chosen as stellar rotation axis.

From y and z it is possible to derive the colatitude ϕ (angular opening with respect
to the z- axis) and the longitude θ (angular opening with respect to the x- axis) of each
element in the 2-d grid, as follows:{

ϕ = arccos z

θ = arcsin(y/ sinφ)
(A.44)

Finally, by having the colatitude ϕ and the longitude θ, it is possible to derive the x
coordinates (along the direction of the observer) of the points in the 2-d original grid from
the following relation:

x = sinϕ cos θ (A.45)

A.3.2 Modeling the spots

The idea behind this model is to simulate a stellar surface with spots in 3-d, to project
this surface onto the y-z plane seen by the observer in a 2-d map and to use the ring
integration described in Sec. 3.1.3 to obtain the total flux emitted by the star. In order
to use the ring integration, it will be necessary to identify annulus by annulus the number
of elements of the stellar disk falling within the spotted area. The spots are simulated as
spherical caps on the stellar surface, whose radius rs is expressed as a fraction of the stellar
radius R∗. While in the method described in Sec. 3 the star is built in a 2 d geometry
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following an analytical approach, in this model the star is built in a 3 d geometry and
then projected onto a 2 d geometry. One of the consequences is that if the spot center is
exactly at the stellar edge, with the model in Ch. 3 it is not completely visible while in
this new model it is half visible.

Having the position of the center of a spot in terms of colatitude ϕ0 and longitude θ0

allows to project them onto the plane of the stellar disk y-z, by using the relation between
the spherical coordinates and 3-d Cartesian coordinates:

x0 = sin(ϕ0) cos(θ0)

y0 = sin(ϕ0) sin(θ0)

z0 = cos(ϕ0)

(A.46)

In order to identify the grid elements that fall within the area covered by a specific spot,
a 2- d box around the location of the spot center is built as follows. At first, the position
of the spot center in 2-d polar coordinates is derived:

r0 =
√
y2

0 + z2
0 (A.47)

α0 =



arctan( z0y0
) y0 > 0, z0 ≥ 0

arctan( z0y0
) + 2π y0 > 0, z0 < 0

arctan( z0y0
) + π y0 < 0

0 y0 = 0, z0 ≥ 0

π y0 = 0, z0 < 0

(A.48)

The annuli intercepted by the spot are those in the stream [r0 − rs, r0 + rs], being rs
the spot radius. The elements along the angular direction fall inside an angular aperture
of ∆α =

√
2 rsr0 , where the factor

√
2 ensures that the 2-d box contains the entire spot.

Once the indices of the pixels inside this box are fixed, the search for “spotted”pixels is
limited within this box. For each pixel in the box, the distance d from the spot center is
computed as:

d =
√

(x− x0)2 + (y − y0)2 + (z − z0)2 (A.49)

being x, y and z the Cartesian coordinates of each point in the stellar photosphere, obtained
from the projection of the original 2-d grid. The generic distance d is represented in Fig.
A.5.
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Figure A.5: Star with a spot (the heavenly spherical cap) at the north pole. The stellar
radius is represented by the segment of unitary length, d is the distance of the generic
element on the stellar surface from the center of the spot, rs is the spot radius, normalized
to the stellar radius, δ is the semi-angular aperture identified by the segment d.

The semi-angular aperture δ identified by the segment d can be obtained by applying
the theorem of the rectangular triangle to the triangle AMO shown in Fig. A.5.

δ = arcsin(
d

2
) (A.50)

The distances dp projected onto the plane containing the basis of the spherical cap ca be
found as:

dp = d sin (OAB) = d sin (
π − 2δ

2
) = d cos δ (A.51)

The selection of the “spotted”pixel is made as dp ≤ rs. This selection, made on the
projection of the stellar surface, returns a mask with a unitary value inside the spot and
zero outside. The selection is extended to all the other spots in the stellar surface, by
taking care to count only once the spotted pixels in case of multiple overlapping spots.
The spos’ filling factor, projected onto the plane of the stellar disk, is obtained as:

ff(t) =

n∑
i=1

2f(ri)ridri (A.52)

where f(ri) is the fraction of the ith annulus covered by the spots, obtained by dividing
the number of pixels of the stellar mask within the spot divided by the total number of
pixels in the annulus, n is the number of total annuli, ri and dri are the radius and width
of the ith annulus, respectively. Note that the width of the annuli is different because we
are using a different radial resolution between the inner and outer part of the stellar disk.
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