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Abstract

Front line researches on extrasolar planets is entering a new era, where the de-
tection capabilities will be pushed to unprecedented sensitivity. Exoplanetary atmo-
spheres characterization through high resolution spectroscopy, with the ultimate goal
of detecting the few ppm amplitude signal of an Exo-Farth orbiting Solar-like star,
is one of the most fascinating example. In this context high dispersion transmission
spectroscopy require high fidelity spectra produced by high resolution spectrograph
coupled with large aperture telescopes (like ESO-VLT and the future ESO-ELT). In
this thesis 1 will present my Ph.D. activities concerning the development of simula-
tion tools both for high resolution spectrograph design and for scientific investigations.

In my Ph.D. path I have also been involved in two projects for ground-based high res-
olution spectrograph: ESPRESSO and ELT-HIRES. For what concern ESPRESSO
(the Echelle SPectrograph for Rocky Exoplanets Super Stable Observations) the in-
strument modeling through ray-tracing software and ad-hoc developed sensitivity
analysis tool have been fruitfully used for component optimization, instrument in-
tegration and alignment verification with the ultimate goal of achieving the best
performance, like optical quality and throughput essential for the maximum scientific
return. This was demonstrated with the successful installation and commissioning at
the VLT complex in Paranal.

In the framework of the ELT-HIRES (the HIgh REsolution Spectrograph for the ELT)
project, a parametric paraxial model of the spectrograph has been developed with
the purpose to evaluate the impact that the different optical components parameters
can have with respect to defined performance requirements and technical constraints.
This tool has been detailed described, verified and then fruitfully exploited in the
optical design analysis of the ELT-HIRES instrument, for the definition of the main
parameters of the optical components of the infrared arm of the instrument, crucial
for exoEarths characterization (where molecular band, H20 and bio-signature are ex-
pected to lie).

The ELT-HIRES science case related to transmission spectroscopy for exoplanet at-
mospheres (especially for the study and characterization and Exo-Earths atmospheres
in the Habitable zones of Sun-like stars) requires a careful analysis and design of the
experiment in order to succeed. A key activity of my Ph.D. work has been the devel-
opment of an End-to-End simulator to evaluate the different effects which can affect
the final instrument performances, like resolving power, stability and throughput,
since they directly influence the scientific data observational performances (e.g. in

xix



ABSTRACT

terms of stability, instrumental profile, SNR). The design and continuous development
of this End-to-End simulator directly during the different design phases of a complex
instrument like ELT-HIRES, will allow Data Reduction, astronomers and engineers
to perform science verification as well as to overcome possible problem related to
the instrument well before the first light. The simulator design philosophy, physical
modeling and computational architecture are described. The results concerning the
synthetic echellogram (raw frame) produced and successfully processed by the beta
recipes of the CRIRES+ instrument DRS have been presented, thus probing the full
chain feasibility and consistency of the system.

For what concern the scientific part of my Thesis, T focused on development of a
possible science module for the E2E simulator related to transmission spectroscopy.
In details, large telescopes allowing very high contrast, could imply the possibil-
ity to detect the light emitted from background sources and/or from gravitationally
bounded companion of exoplanetary system, which could act as signal contamination.
The investigation of these scenarios has been one of main drivers for the development
of a transmission spectra simulator, a tool aimed at generating synthetic spectra
combining the star spectrum, exo-atmospheric absorption, earth telluric contribution
and also contamination due to gravitationally bounded companions or background
objects. This simulator was used to perform two kind of analyses. In the first one the
pure astrophysical noise coming from a background (or foreground) source not grav-
itationally bounded is considered, without taking into account instrumental noise,
SNR or telluric contribution (of Earth and exoplanet). The result is that the maxi-
mum contamination (in the order of 1000 ppm) occurs for background object which
spectral type matches roughly the one of the host star (G or M type), while a much
lower contamination (in the order of 10 ppm) is related to hot stars, like O and B
type. In the second scenario (performed in collaboration with the Exoplanetary Sci-
ence group of Geneva Observatory) the host star, the absorption features from the
hot Jupiter atmosphere and the contaminant source are considered. A data-set of
transmission spectra was generated to simulate the observations of HARPS spectra
of the system HD189733, as a test-bed to reproduce what HARPS would be observed
if an unbounded companion with apparent magnitude my = 12 and spectral type
M were ingested by the spectrograph since confused in the seeing disk. After data
reduction and processing, the absorption features coming from the exo-atmosphere
has been recovered properly despite the presence of the contaminant star, although,
tentatively, some line broadening could be observed. No obvious shift of the sodium
line (like the one detected in the atmosphere of HD 189733b) are detected supporting
the idea that the contamination from background source could not mimic this results
(at least for the scenarios considered).
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Chapter 1

Introduction

Only 22 years has passed when, for the first time, Mayor & Queloz in 1995 detected
an orbiting planet around the 51 Peg nearby star. From that moment, hundreds of
exoplanetes have been discovered with various method, from radial velocity (based
on spectroscopic techniques) to transiting method and direct imaging. We are now
entering a new era where we will not only detect the presence of these minor bodies
around stars but we are approaching the possibility to characterise their atmosphere,
composition and perhaps detect their life bio-signatures systematically.

However, the measurements of these properties is challenging both for the physics
behind them and for the precise design, optimization and characterization of instru-
mentations needed to carry out this kind of research. T will focus on high resolution
spectroscopy both from scientific and technological point of view aiming to design
valuable tools that could be exploited for optimizing performances with the ultimate
goal of maximizing the scientific return.

For what concern my contribution to instrumentation, T developed an End-to-End
(E2E) simulator which has the objective to model the whole physical chain in astro-
nomical observations: from the light source to synthetic raw frames and the reduced
data. For the E2E simulator development we have focused on the High REsolution
Spectrograph proposed for the future Extremely Large Telescope (which is called
ELT-HIRES at the time of writing); the unprecedented photon collecting power of
the ELT coupled with a high dispersion and high stability spectrograph will allow
to do relevant discoveries in the field of exoplanetary atmospheres characterization
(both in transmission and reflection). Moreover, also other physical research lines
will benefit of its large aperture and stability. A non exhaustive example is the de-
tection of fundamental constant variation or detecting the "breath" of the Universe
(revealing the variation of the redshift with time).

With its modularity and flexibility the E2E simulator will be useful in all the
different phases of such a complex and long-time project, enabling a very successful
cooperation of a wide range of users: from project manager and engineers to instru-
ment scientist and astronomers. In particular from a technical point of view E2E
simulations are fundamentals to obtain the best possible scientific results since they
are exploited both for the optimization of the instrumental performance, like sampling
and efficiency (and thus Signal-to-Noise ratio, SNR), and requirements verification,
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e.g. resolving power, in all design and integration phases for ELT-instrument projects.
From scientific side this simulator gives the opportunity to perform in advance anal-
yses and tests on the scientific drivers and it allows Data Reduction Software (DRS)
development strategies and /or the evaluation of re-usability of existing pipelines.

It must be also underlined that the development of such a complex simulator
requires the interface and interaction with the work-package managers and expertise
of other work-packages in the whole framework of the ELT-HIRES project.

The End-to-End simulator design philosophy, global architecture and the devel-
opment of the physical model of the different Modules (and Units), which compose
the entire simulator, are described in Chapter 5. Furthermore in this Chapter the
computational architecture of the simulator is detailed, highlighting its speed perfor-
mance, and the results concerning the synthetic echellogram (raw frame) produced
and successfully processed by the beta recipes of the CRIRES+ instrument DRS are
presented.

In addition for what concern the ELT-HIRES instrument, a paraxial parametric
model of the spectrometer is described in details in Chapter 4 (section 4.4). The
flexibility and reliability of this optical model can be useful to quickly evaluate the
impact that the different optical components parameters can have with respect to
defined performance requirements and technical constraints. In this respect its ap-
plication for the design analysis of the infra-red spectrograph module of ELT-HIRES
is presented.

As said before concerning the science drivers of ELT-HIRES, high dispersion spec-
troscopy, applied both for transit and eclipse events, is one of the most powerful
observation technique for exoplanets atmosphere characterization; for what concern
transmission spectroscopy a tool aimed at generating synthetic spectra combining
the star spectrum, exo-atmospheric absorption, earth telluric contribution and also
contamination due to gravitationally bounded companions or background objects has
been developed (and presented in Chapter 3). The analysis of the probabilities of
transmission spectrum contamination is one of the possible application of this sim-
ulator. This kind of analysis and simulation is oriented to assess the impact of the
spectral contamination in terms of ppm, which is particularly relevant for the char-
acterization Exo-Farths atmospheres (which will be one of the most interesting and
fascinating research fields in astronomy of the near future) whose spectral feature are
in the order of few (in the order of 10) ppm. This tool is characterized by flexibility
and can ingest both high resolution well-detailed templates and simplified models for
each type of considered object. Therefore it can also be used to generate the input
spectra for the End-to-End simulator (developed for the ELT-HIRES instrument).

Finally, during my PhD path T also had the great opportunity to work on the next (at
time of this writing available to the community in few months) high resolution spec-
trograph that will address exoplanetary science cases: ESPRESSQO. In this project, T
focused on the component optimization, instrument integration and verification with
the ultimate goal of achieving the best performance, like optical quality and through-
put essential for the maximum scientific return. Results from the integration and
alignment operations of ESPRESSO at VLT in Paranal are shown in section 4.2 of
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Chapter 4.

In Chapter 2 an introduction on Exoplanetary science is given, with an overview
of the different exoplanet detection methods and a brief review of the Exoplanetary
atmospheres characterization, focusing on the transmission spectroscopy, which is the
scientific field at which this work refers to.
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Chapter 2

Exoplanetary Science

2.1 The exoplanet revolution
(the solar system paradigm end)

Before the first exoplanets discoveries, clear observations about the solar system
structure and characteristics of planets led to the formulation of the “Solar Nebula”
theory. According to it, the Solar system was formed by the collapse of a quasi-
spherical giant interstellar cloud of gas and dust, which eventually flattened in the
plane perpendicular to its initial rotation axis; the denser material in the center
collapsed further under self-gravity to form the Sun, while outside, the material had
collapsed into a disk-shape nebula, in differential rotation, where planets are supposed
to have formed. This theory well fits with some properties of all Solar system planets,
like the fact that they have quasi-circular orbits, which are well aligned with the
ecliptic plane (the plane perpendicular to the Sun rotation axis), and the direction
of planets revolution around the Sun is the same of its rotation.

An additional relevant aspect about the Solar system is the arrangement of the
planets around the Sun: the small, rocky planets (Mercury, Venus, Earth and Mars)
are located at small orbital distances (less than 1.5 AU), while gas giant planets like
Jupiter (318 Earth masses) and Saturn (95 Earth masses) are located further away (5
and 10 AU), and finally the icy giants Uranus and Neptune (14 and 17 Earth masses
respectively) are located even further (20 and 30 AU). The relatively simple planet
formation theory, based on the “Solar Nebula” paradigm and widely accepted by the
scientific community, stated that:

e large gaseous planets require larger orbit, with respect to small planets, with
enough amount of material available for the grow and accretion; in addition
in large orbits the temperature is low enough to allow the condensation of
ices, which increases the solid fraction of the material and ease the nucleation
process. Jupiter and Saturn are in fact located beyond the snow line, which
delimits the orbit at which most ices (water, methane, etc.) condense.

e planets located in orbits which are too wide, take more time to accomplish a
given number of revolutions, and thus accrete less gas before it falls in the star or
is dispersed away by the stellar wind; this explained why Saturn is less massive
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than Jupiter, and why Uranus and Neptune are even lighter and contain a high
fraction of ices.

e small planets are found in relatively close orbits, because they had little material
to accrete.

All observed aspects of the Solar system planet structure and characteristics had a
good explanation with this planet formation theory, which in addition proposed a
strong paradigm: Solar systems planets were formed in situ, at the orbital position
they are seen today.

The picture that emerged with this theory was believed to also apply to other exo-
planetary systems and drove the design of the first campaigns of exoplanet searches:
find a Jupiter-like planet located a few AU from another star than the Sun.

But the first exoplanet detected around a star similar to the Sun, 51 Peg b, was
definitely different from what expected: although similar in nature to Jupiter (a gas
giant), its orbit has a period of only 4 days against 12 years of Jupiter’s orbit. The
formation of this exoplanet in situ was ruled out because at its orbit it was too hot
and it would not have had enough material to accrete. Thus the most widely accepted
conclusion is that the planet formed at a larger orbital distance and eventually mi-
grated inward toward the star through a specific mechanism and finally stopped at
its current location.

This was only the first different aspect that the history of exoplanetary discoveries
has shown with respect to the architecture of solar system; in fact exoplanets are
characterized by a great diversity in term of many properties: chemical composition,
masse, size, hosting star, type of orbits (orbit size, eccentricity and resonances).

Today planetary system formation theories have been expanded to include com-
plex considerations and mechanisms, among which the migration of planets during
their evolution is also relevant for the solar system. As described in [24] Jupiter is
thought to have moved inward to 1.5 AU from an initial 5 AU formation orbit, and
then migrated back outward due to disk torques before and after Saturn’s formation.
This scenario can account for another fundamental aspect: the delivery of water on
Earth (and other terrestrial planets) in the form of water-rich planetesimals (today
still present in the asteroid belt as water-rich asteroids) scattered inward during the
gas giants’ migration.

2.2 Detection methods

The detection of extrasolar planets is a big observational challenge because the
angular separation between the planet and the host star is extremely small and be-
cause the brightness contrast is extremely high, in particular in the optical wavelength
band. In addition, for ground-based observations the Earth’s atmosphere perturba-
tion plays a relevant role increasing the difficulties in capturing some features of extra
solar planets. In the past 20 years engineers and scientist have witnessed a great im-
provement of the instruments, observation techniques and strategies, detection limits
and data analyses in the search of Exoplanets, pushing towards the detection of
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low-mass and small planets. In the following subsections the different exoplanets de-
tection methods, which are summarized in the schematic tree of Fig.2.1, are briefly
described.
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Figure 2.1: Schematic tree summary of the Exoplanets detection methods as of September 2017.
The lower limits of the lines indicate the smallest masses that could be detectable with present
measurements (solid lines), and those that might be expected within the next 10 — 20 years (dashed).
The miscellaneous signatures at the upper right are less well quantified in mass terms. The figure is
adapted from [90] taking numbers from ezxoplanet.eu and the NASA Exoplanet Archive [78].

2.2.1 Pulsar Timing

A pulsar is a magnetized neutron star which emits powerful radio waves in two
cone-shaped beams which are inclined with respect to the spin axis; every time a
cone points toward the Earth, a pulse is received. Their typical periods range from
milliseconds to seconds, and are intrinsically extremely stable (millisecond pulsars
did actually serve as time references). Because of the Doppler effect, the presence
of a planet creates a time delay in these regular pulses. This method is so sensitive
that it is able to detect very small planets, much lighter than any other method can
currently do. This method was accidentally used in 1992 by A. Wolszczan to discover
the very first two extra-solar planets around the millisecond pulsar PSR B1257—12,
whose pulse arrival times were found to trace a smooth curve (upper panel of Fig.2.2).
The presence of the two terrestrial planets (3 and 4 times the Earth mass) provided
quasi-perfect fit the varying delay between the pulses (lower panel of Fig.2.2). This
discovery in astrophysics history was very important not only because signaled the
very first detection of an exoplanet but also because showed that exoplanets exist
around star at all stages of their evolution, even in the final ones, and that formation
of terrestrial planets can happen even in unfavorable environments.

7
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Figure 2.2: The upper panel shows the residuals (large residuals) of the pulse arrival times for the
best pulsar timing model without companion; while the lower panel is the same but including two
companion terrestrial planets (figure from [112]).

2.2.2 Astrometry

The basic idea of astrometry, probably the oldest branch of astronomy, consists
in measuring the position and motion of objects in the plane of the sky; specifically if
the position of the star is measured with precision and if the star has planets orbiting
around, the difference in the position of star with respect to the center of mass of
the system can be seen as an astrometric orbit caused by the (invisible) planetary
companion. This method is most sensitive to wider orbits, because the center of
mass displacement amplitude increases with orbital period; detectable orbital peri-
ods are typically several years. It is applicable to search for planets around active
stars since it has a lower sensitivity to stellar activity with respect to other techniques
like Doppler spectroscopy and photometric transits. As order of magnitude the as-
trometric amplitudes for a solar-mass star located at a distance of 10 pc caused by
Earth-like planet is about 1072 milli-arcsec (mas), while a Jupiter analog in a 10 year
orbit requires much less precise astrometry in the order of 1 mas. In Fig.2.4 typical
astrometric signal amplitudes are illustrated.

Astrometry has been used in combination with Doppler velocimetry, where only
five of the seven orbital parameters are constrained. The advantage of astrometry in
the determination of the real mass of a planet and the inclination of the orbit (which
remain degenerated with the only use of radial velocity technique) has been exploited
to confirm or refute the presence of a planet candidate. For example successful
application of ground-based imaging astrometry allowed to infer a mass upper limit
of about 3.6 M; to the planet around GJ317 (|3]). In addition this combination
permitted to distinguish between giant planets and brown dwarfs (as reported in [24]

8
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Figure 2.3: Schematic of the sky path of a star orbited by a planet. The straight dashed line shows
the system barycenter motion viewed from the solar system barycentre frame. The dotted line shows
the effect of parallax (the Earth orbital motion around the Sun). The solid line shows the motion
of the star affected by the presence of the orbiting planet (the effect of the planet on the star is
magnified by 30 for visibility. Taken from [90]
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Figure 2.4: Minimum astrometric signature of the host star as a function of orbital period for 570
planets (grey circles). For comparison, the astrometric signatures of a solar-mass star located at
distance of 10 pc would exibit due to the perturbation of Solar system planets are shown with black
circles and labelled with the planet initials. Figure taken from [42].
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the ESA satellite Hipparcos and HST were exploited for this purpose).

From space Gaia mission, launched on 2013, is performing an all-sky survey of
about billion stellar objects with visible magnitude range of 6-20; as reported in [42]
on average the astrometry of a star will be measured 70 times over the mission lifetime
of five years with a single measurement precision of ~ 0.02 — 0.05 mas. Thanks to
this precision it is expected that thousands of new exoplanets will be discovered and
it will also possible to build a wide census of giant planets in intermediate period
orbits.

2.2.3 Microlensing

Microlensing is based on the same physics of the gravitational lensing effect de-
scribed with the General Relativity; but since in this context the lensing effect, due
to the presence of a star or a star-planet system, is much smaller than the one given
by a galaxy or a cluster of galaxy it is called microlensing. The relevant aspect for

Earth

Figure 2.5: Example of a gravitational lensing effect caused by the presence of a cluster of galaxy
which lies along the line of sight of the observer (Earth) and target (background galaxy).

the exoplanets detection is that it is the planet’s star lensing effect of another, more
distant bright object, which is searched for; not the planet lensing effect on its own
hosting star. The more distant bright object could be another star, a quasar, or any
other light-emitting object. The planet creates its own lensing effect as well, and it
can be noticed the difference between lensing from the star, and lensing from a planet
and star together. This method gives the measure of the mass of the candidate ex-
oplanet and it works even if that planet is not very close to its star, which is an
advantage over both the Doppler shift method and the transit method. Images of the
source produced by the microlens are distorted and magnified so that the total flux
appear amplified during a microlensing event [24]. An example of a light curve, with a
typical bell shape magnification due to a planetary single-lens is shown in Fig.2.6. A
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Figure 2.6: Bell shape light curve of OGLE-2015-BLG-0966, built combining and fitting data from
10 ground-based telescopes. The violet curve is a light curve obtained with the Spitzer satellite.
Figure taken from [105].

disadvantage for this method is that it needs a large continuous photometric survey,
because the probability of the alignment between the source, micro-lens system and
observer is intrinsically low. Another issue is that the effect is observed only once,
and so it cannot be verified [31].

The first microlensing exoplanet, a 2.6 M; planet, was detected in event OGLE-
2003-BLG-235/MOA-2003-BLG-53Lb (OGLE, Optical Gravitational Lensing Exper-
iment; MOA, Microlensing Observation in Astrophysics). A milestone discovery was
OGLE 2005-BLG-390, the very first cool super-Earth with a mass of 5.5 Mg and
semi-major axis of 2.6 AU, and discovered in 2005 [14]. In 2006 a multi-planet sys-
tem, with two planets very similar to Jupiter and Saturn, was discovered.

2.2.4 Direct Imaging

As the name says, this method consists in the direct observation of the light
emitted by an exoplanet (in contrast with other methods which are based on indirect
effects). The direct imaging challenge is to separate the light from the planet to
the light from the star, which is diffracted by the telescope. The basic principle of
classical direct imaging instruments, called coronographs, is the following: the light
from the observed on axis star is blocked by a focal plane mask (called Lyot stop, who
invented this technique in 1939), while in the pupil-plane located after, another mask
blocks the star light diffracted off-axis, in order to remove it. Since the exoplanet is
is located off-axis, making a small angle with respect to the on axis field, the light
from it is not blocked by the Lyot stop and will consequently appear as a classical
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image. An example of a typical direct imaged planetary system is shown in Fig.2.7.
This method has its main target very different both from the planets which can be

Figure 2.7: Example of direct imaged exoplanetary system. Image of the HR8799 system taken at
Keck 1T telescope with with the Angular Differential Imaging technique (ADI); the residual speckle
pattern is visible in the center, while four giant planets are visible in their near-infrared emission.
Image taken from [71].

detected by other techniques, and from the planets present in our Solar system; in
fact the main targets are young exoplanets at wide orbits, greater then 5 AU with
typically orbital periods from tens to hundreds of years, from their hosting star. The
reason is that young planets still emit light of their own. Part of this energy is the
absorbed and re-radiated starlight, while some is the energy left over from the heat
accumulated in the planet’s formation, which is radiated away as the planet cools
down. Thus bigger and younger exoplanets have a larger amount of energy to radiate
away, especially in the near-infrared and infrared regions. This also explains why this
technique exploits the infrared bands, where the planet-star contrast is higher (or
equivalently the star-planet contrast is less demanding). Directly imaged planets are
therefore our best opportunity to study young planets and young planetary systems,
which offer a unique glimpse into the process of planet formation. The effective
temperature of these young planets can reach up to 2000 K [24] (as a comparison
Jupiter temperature today is about 150 K) and a luminosity up to 107> L. This
method is also used to detect planets that are not in-line with their stars from our
point of view, then non detectable with the two other most used methods (RV and
transits). The observables are the planets luminosity and orbit, while the planetary
mass, as reported in [42] and references therein, could only be estimated according
to the knowledge of stellar age and initial planet formation conditions.

In 2004, the first discovery, with NACO instrument at VLT, was that of a giant
planet of 5 times the Jupiter mass in orbit around a brown dwarf [28]. In 2008 the
first direct images of an extra-solar planetary system around a star were obtained.
This is the multi-planet system HR 8799 with four planets orbiting the intermediate
mass host star in counterclockwise direction [71].

Advanced adaptive optics is required to correct for the blurring effect of the
Earth’s atmosphere on the point spread function (PSF), which otherwise overwhelms

12
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the planet signal. Two recent instruments installed at 8-m class telescope are SPHERE
(Spectro-Polarimetric High-contrast Exoplanet Research, see [15]) at VLT and GPIT
(the Gemini Planet Imager, see [64]) at Gemini-South. Both of them are designed
with extreme adaptive optics with thousands of actuators controlling the shape of
the deformable mirror, apodized-pupil-masks to reduce the diffraction pattern of the
central field over the target location and also integral field capability. Thanks to
these facilities the current performance of direct imaging allow to detect exoplanets
at about 0.2 — 1 arc-sec of separation and up to 10 times fainter than their host star.

It is also worth mentioning that the speckle patterns mitigation needed for high
contrast imaging requires also clever post-processing methods; as said in [89] (and
references and therein), improvements in data acquisition modes and analysis soft-
ware (differential imaging via angular, polarimetric and spectral difference, see again
Fig.2.7) have greatly enhanced planet detection capabilities.

Synergy between direct imaging and spectroscopy can be exploited when planets
are clearly resolved from their parent star; in particular integral field spectrographs
have given spectra of self-luminous planets with sufficiently high SNR, which allowed
the detection of absorption features fundamental for the direct measurement and
characterization of atmospheric composition [57].

The James Webb Space Telescope (JWST) will launch in 2018 and provide power-
ful capabilities for direct imaging. As reported in [24] all of its instruments (NTRcam,
NIRISS, MIRI, NIRSPEC) will make relevant contributions to finding and charac-
terizing extra-solar planets resolved from their host stars, including some of those
already known today.

The next generation of extremely large telescopes (like LBTT, ELT, TMT, GMT)
will have a suite of instruments designed with the goal to cross the 5 - 10 AU threshold
in angular resolution of accessible targets, pushing the detectable separation down
to 3 AU and enabling vast synergies between Doppler velocimetry and astrometry.
For example ELT (called before E-ELT) with instruments having imaging and spec-
troscopic capabilities (HARMONI, MICADO and METIS) will enable to perform
efficient imaging of exoplanets at separations below (.1 arc-sec.

2.2.5 Transit photometry

A “transit” happens when an object passes between our viewpoint and a star.
Giving the apparent magnitude of the host star, when one of its planet transits in
front of its surface, the net flux received at the Earth is dimmed and its apparent
magnitude raises. This effect repeats with the period of the exoplanets orbit. The
light gathered from the star during a transit follows a characteristic curve known as
a "light curve”, shown in a schematic in Fig.2.8.

An example of real light curve data is shown in Fig.2.9. The light curve data
analysis and fitting allow to infer the radius, the orbit inclination and the orbit semi-
major axis of the detected planet. The radius is evaluated from the percentage of the
blocked light, called transit depth, which is proportional to the ratio of the planet-
to-star radius, assuming a model for the dimension of the host star; this assumption
holds true when dealing with main sequence stars, where equilibrium model and star
equations are well known. According to the hypothesis of circular or elliptical orbit
it also possible to assess the ratio between the radius of the star and the semi-major
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Figure 2.8: Schematic example of a light curve showing the flux variation due to the primary eclipse
(transit), the secondary eclipse (occultation) and the different orbital phases of the exoplanet.
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Figure 2.9: Light curve of the first detected transiting exoplanet, HD 209458, showing the measured
flux versus time. The lower and upper dashed lines are the transit curves that would occur for a
planet 10% larger and smaller in radius, respectively. Figure taken from [26].

axis, and the inclination of the orbit.

This method is more advantageous for large planets orbiting small quiet star
since the transit depth is in this case higher and then the photometric precision
requirement not so extreme. In addition it is effective in the detection of planets with
short period because the transit probability is higher, and also because it is easier to
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monitor photometrically shorter spans [31].

The probability that a given exoplanet transits its host star is primarily a func-
tion of the inclination of the planetary orbit and of the stellar radius. As order of
magnitude a typical hot Jupiter of radius ~ R; and orbiting around a solar-type star
with a period ~ 3d has a transit probability ~ 10%, a transit duration of ~ 3hr and
a photometric transit depth of ~ 1%; while an Earth-like planet at 1 AU around a
solar-type star has a transit probability ~ 0.5%, transit depth of ~ 0.01 %, and a
transit duration of ~ 15hr (examples taken from [42] and [24]). These values make
the detection very challenging.

The other issue which affects the detection performance of this method is the
high rate of false positives, mainly due to grazing eclipsing binaries, the existence of
triple systems, the occurrence of transit by a low mass star or a brown dwarf, which
have similar size of giant planets, and the stellar activity according to the type of the
hosting star itself.

This method can be effectively used in synergy with the Radial Velocity technique
(see the following subsection 2.2.6) to have a complete characterization of the planet
orbital parameters and also to infer a first guess consideration on the exoplanet den-
sity and then composition. The first exoplanet transit was detected in HD 209458,
which was already known to harbor a planet thanks to Doppler spectroscopy, using
the STARE project Schmidt camera telescope (Observatorio del Teide, Spain). The
duration of the transit was about 2.5 hours and had a depth of about 1.5% [26]. This
exoplanet was also the first transit detected from space, using the STIS instrument
on board of the Hubble Space Telescope (HST).

In the past decade the number of transit candidates and detections has dramat-
ically increased thanks both to ground-based long time surveys and especially to
the space-based transit missions. For what concerns ground-based search programs,
HATnet ([6], HAT-South and SuperWASP (]93]) have given important contribution
in the stellar brightness regime 10 < V < 12 with a photometric precision of order
of milli-magnitude (mmag), leading to the detection of dozens of transiting planets.
While the Wide Angle Search for Planets (WASP-SuperWASP) project is based on
two wide field cameras with small aperture telescopes for the survey of a large fraction
of sky, the Hungarian Automated Telescope Network (HATNet) exploits a network
of small telescope located at different longitude to maximize the sky coverage and
observing time. Another example of ground-based network for large sky coverage ob-
servation is TrES, the Trans-atlantic Exoplanet Survey network which employs three
small aperture telescopes, of 0.1 m, and wide field (6°) cameras. As explained in [89]
a complementary approach for transit detection is to observe crowded stellar fields;
this strategy has been used for example by the 1.3 m telescope of the Optical Grav-
itational Lensing Experiment (OGLE) in the third phase of the project to perform
photometric observations of three fields towards the Galactic center.

Space-based observations have speed up the transiting planets candidate discov-
ery rate. The CoRoT (Convection Rotation and planetary Transit) satellite has a
telescope with an effective diameter of (.27 m and according to its polar orbit has two
preferred viewing directions (towards to Galactic center and anti-center); the mea-
sured photometric precision is about (0.7 mmag at R—15 mag for 512 s of integration
time (data taken from [90]). The photometric precision achieved with the Kepler
satellite is about 30 ppm at V=12 mag; as reported in [24] the Kepler mission did
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provide hundreds of planet detections with mass determinations, as well as hundreds
of multiple transiting planets orbiting a single host star, many of which are coplanar
and rather crowded systems. The impact of Kepler and K2 missions discoveries can
be understood with the charts in Fig.2.10.

Figure 2.10: Kepler and K2 missions statistics: Top: Histogram of number of planets with respect
to planet size as of May 2016; the orange part of the bars shows the contribution of Kepler missions
on the amount of discoveries, while the blue part refers to previously verified planets. Bottom:
Histogram of number of planets discovered by year as of May 2016; the contribution of Kepler
missions with respect to non-Kepler discoveries is highlighted.
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2.2.6 Radial Velocity / Doppler Spectroscopy

The radial velocity (RV) method derives the host star radial velocity, which is its
velocity projected in the direction of the line of sight, by measuring the Doppler shift
of the absorption lines in the star spectrum due to its motion around the center of mass
of the star-planet system. Specifically, the wavelength of an identified spectral line is
determined and compared with the theoretical value it would have when transferred
into the solar system’s rest frame; this wavelength shift measurement A\ can then
be translated into the radial velocity v, of the star according the Doppler equation
AN/ A = v, /c. In order to increase the precision, the average over several thousands of
spectral lines is computed. When hosting one or more planets the star orbits around
the system center of mass (as depicted in Fig.2.11) and this back-and-forth movement
is traduced in periodic variations of the Doppler shift or the radial velocity; what is in
practice evaluated is the semi-amplitude, K, of this radial velocity periodic variation:

8.95 rnsin(i))(ﬂd; +—nz)_2/3(fi)_1/3
V(1 —e?2) Mg

Where m is the planet mass, M, is the star mass, Mg and Mg are the Sun and
FEarth masses respectively, P is the orbital period expressed in years, e is the orbit
eccentricity and i is the orbit inclination. The detailed modeling of the radial veloc-
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Figure 2.11: Schematic of two orbiting bodies moving about their common barycenter at times t1,
t2 and t3. Figure taken from [90]

ity curve allows the evaluation of P, as well as the eccentricity, the longitude of the
periastron and of K. An example of a radial velocity curve is shown in Fig.2.12.
The observed parameters are used in the expression of K, to calculate the so called
“planet minimum mass” msini, if the mass of the star is known; then the true mass
of the planet and the orbital inclination remain degenerated. In addition, the other
orbital element which cannot be derived through radial velocity method is the lon-
gitude of the ascending node. The semi-amplitude formula shows that more massive
planets are easier to detect as well as shorter period (i.e. close-in) planets, since in
these conditions K, is larger; planets are also easier to find around low-mass stars
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Figure 2.12: Radial velocity curve folded in phase of the 51 Peg b hot Jupiter. The data fitting
model curve (solid line) accounts for a planet of half a Jupiter mass on a 4.2 days orbit. Figure
taken from [68]

than heavier stars. Furthermore, radial velocity observations must cover at least one
complete orbit in order to robustly measure the orbital period, although more orbits
are usually needed to obtain good constraints on all parameters ([24]), and to rule
out the presence of additional planets in the system. As an order of magnitude the
radial velocity semi-amplitude experienced by the Sun because of the gravitational
pulling of Jupiter and Earth are K, ;=12.5 m/s and K, p—=0.09 m/s; these values
explain why, with the typical RV precision achieved by first spectrographs, the firsts
exoplanet discovered, like 51 Peg b (whose RV curve is shown in Fig.2.12), were giant
planets in close-in orbits.

The performance of spectrographs RV precision improved from around 10—15m/s
of ELODIE (51 Peg b discovery) in 1995 to better than 1 m/s in 2003 with HARPS
spectrograph, installed at the 3.6-m ESQ telescope (La Silla, Chile), which led to the
discovery of p Ara ¢ in 2004 [98], one of the first detected Neptune-Mass objects.
The HARPS high precision coupled with many observation data points distributed
in several years has been fundamental to detect the smallest velocity signals (see the
example of HD85512 [87], and alpha Cen B, [35], described in [42]). The present, near-
future and far future spectrographs are designed to achieve radial velocity precision at
the level of < 10 cm/s in order to try to discover Earth-like planets orbiting Sun-like
star in the habitable zone (HZ).

These high precision RV detections and measurements have been possible also
thanks to the use of the Cross-Correlation Function (CCF) technique in the spectral
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Figure 2.13: Example of construction of the CCF, taken from [31]. As the binary mask is shifted
over the spectrum, the degree of similarity between the mask and the spectrum changes. It can be
seen that the minimum of the CCF (corresponding to the largest degree of similarity) corresponds to
the radial velocity where the mask holes are perfectly aligned with the spectral lines they correspond
to.

data analysis. This technique, as described in [9], correlates the position and width of
thousands absorption lines of the high resolution stellar spectrum with a box-shaped
template. Specifically the mask is shifted as function of the radial velocity, as shown
in Fig.2.13, in order to find the minimum of CCF:

CCF(v) = Z SA(E)) - MA@ (14 v/c)] (2.2)

Where S is the spectrum intensity at wavelength A(z) and M [\(¢)(1+v/c)] is the mask
shifted by a Doppler effect with radial velocity of value v. In order to optimized the
SNR and to reduce the perturbing effect of telluric lines, a weighted cross-correlation
function CCF w(v), which accounts for the relative absorption depth of each spectral
line contained in the mask, was presented by Pepe and collaborators [85] and it is
defined as:

CCF"(v) = Z S(A@)) - MA@ (1 4+v/c)] - w; (2.3)

(3

As described in [89] the main potential error sources which affect the RV measurement
and performance are: photon noise, instrumental drifts and spectrograph illumination
effects which affect the stability of measurement by introducing perturbations in the
recorded spectrum, spectral contamination and stellar ‘noises’, commonly referred to
as stellar jitter. Stellar jitter, which comprises various stellar phenomena like activity
in stellar atmospheres (spots, plages etc.), surface granulation and stellar oscillations,
is one of the strongest limitations for Doppler velocimetry at sub-m/s precision and
it should be robustly identified and modeled or de-correlated to achieve even higher
accuracy ([42]).

While since the early days many discoveries and performance improvements have
been made especially in the optical band, the near-infrared (NTR) wavelength region is
becoming increasingly interesting because of the following aspects. M-dwarfs, which
are estimated to harbor a high fraction of Earth-size planets in habitable zones, are
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much brighter in the infrared than in the visible; in addition since these stars have low
mass, potential habitable planets with short orbital periods are more easily detected
by radial-velocity. The second advantage of the NIR compared to the visible is that
the influence of stellar spots is strongly reduced ([89]).

2.3 Exoplanet characterization

Exoplanet search campaigns have shown a great variety of possible planets prop-
erties in terms of mass, size, orbital parameters (such as eccentricity and inclination),
mean densities, composition and atmospheric structure. Since the beginning of ex-
oplanet revolution, different studies have been conducted with goal of properties
characterization, statistical interpretation and to link them with the possible argued
planetary formation mechanisms. Today, the struggle of scientific community to put
all the pieces of this fascinating puzzle is going on, and although much is still to
be understood the future instrumentation and data analysis technique promise to
allow big steps forward. In the following subsections a brief summary of the known
properties of exoplanets is given.

2.3.1 Main Exoplanets constituents

The three principal types of compounds available in accretion disks, where planets
form, are typically referred to as: gas, rock (generic term for non-volatile conden-
sates), and ice (generic term for volatile condensates). Their proportions determine
the planet bulk composition and mass, while the pressure-temperature conditions af-
fect their phase and physical state, having impact also on the resulting planet radius.

e (Gas: H and He gases comprise ~ 98.5% of the mass in the solar nebula, leaving
typically ~ 1.5% of the total mass condensing in rocks and ices. These gases
are also the quasi-total components of the envelope of gas giant planets.

e Rocks: all rocky compounds are relatively refractory and require high tempera-
tures for condensation; being the first materials to condense they are expected
to be present in large amount among other solids in accreting protoplanetary
disks. Taking into consideration Solar system abundances as reference, the
amount of rocky compound in protoplanetary accretion disks should be around
0.5% of the disk mass. Some of the most abundant minerals in planetary sci-
ence, like olivine, oxides (magnetite), silicates (talk), sulphides (FeS) and metal
alloy like FeNi are made of Si, Mg, Ca, Al, Fe and Ni; the percentage of these ele-
ments and their condensates depends also on the equilibrium or non-equilibrium
conditions.

e Jce: in the exoplanetary context ice is a term which refers to the different forms
and solid phases of water that can exists at sufficient high pressures. In addition
in this context, ice encompasses various substances containing C, N, and O.
Water ice is the most important, since O is the third most abundant element
in the Solar system and also because it condenses at the highest temperature.
Other possibly abundant ices are CHy, CO, CO2, N2, NH3.
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Figure 2.14: Artistic impressions of some types of exoplanets. In a) an hot Jupiter is depicted close
to a Sun-like star; in b) an hot Neptune is compared in size with our Neptune; in ¢) two examples
of Super-Earth with the Earth diameter shown as a reference size; in d) an Exo-Earth is compared
to Earth.

The radius in the protoplanetary disk beyond which water ice can be present is
referred to as the snow line, and it is believed to play an important role in the archi-
tecture of planetary systems. Within the Solar system, H20-rich (C-class) asteroids
are found predominantly in the outer asteroid belt ([73]), suggesting that the snow
line in the solar nebula lay at around 2.7 AU. Different studies have tried to assess
the snow line radius variation according to the properties of the star, in term of mass
and age, and type of protoplanetary disk.

2.3.2 Main Exoplanets types

The main types in which the so far discovered exoplanets have been categorized
are briefly described in the following. An artistic impression of some of them is shown
ini Fig.2.14. It is important to underline that the exoplanet types discovered up to
now are strictly depended on the detection methods described before, so that future
technology developments and new detection methods could change the global picture
and statistics about exoplanet types.

e Hot Jupiters: these are hot gas giant planets. They have masses within the
range a half to 13 times that of Jupiter and their distances from the host
star are typically a small fraction of AU; the proximity to the star results in
very hot temperatures, which can be up to 2000 K or even more, of the top
layers of their atmospheres. They are mainly made up from the lightest gases,
hydrogen and helium, which even at their high temperatures cannot leave the
atmosphere because the high gravitational fields of these massive planets. A
possible extension to this class is the one of so called Super-Jupiters for which
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core-accretion models predict planets having masses up to around 20 times'

Jupiter mass, e.g. COROT-Exo0-3b discovered in 2008.

e (Cold Jupiters: about one third of the massive exoplanets discovered are at least
twice as far from their stars as the Earth is from the Sun. Hence by analogy with
hot Jupiters, this class of exoplanets is called the cold Jupiters or sometimes
twin Jupiters. The first cold Jupiter, 55 Cnc d, detected in 2002 [69], has a
14-year orbital period around 55 Cnc A and is around 5.8 AU out from the star
(as a comparison Jupiter has 11.9 years orbit at 5.2 AU).

e Hot Neptunes: this is a group of exoplanets that are similar to hot Jupiters,
but with lower masses, typically about the Neptune mass.

e Super-FEarths: they are defined exclusively by their mass, which is in the range
from 1.5 to 10 Earth masses, independently from specific conditions of tem-
perature, composition, orbital properties or habitability. Some of them have
been found near the habitable zone (HZ, the region where liquid water can be
sustained on the planetary surface) of their host star. Within this definition the
first discovered Super-Earths were the two planets detected around the pulsar
PSR B1257—12 with about 3 and 4 times the Earth mess (see subsection 2.2.1.
The first Super-Earths discovered in proximity of habitable zone of their host
star were Gliese 581 ¢ and d in 2007 (see [108]).

e Fxo-FEarths: also called Twin FEarths these have masses comprises between 0.5
and 1.5 Earth mass. Some of these planets have been found near the habitable
zone (HZ, the region where liquid water can be sustained on the planetary
surface) of their host star, while others are further out. In February 2017 a
milestone was achieved with the discovery of a planetary system composed by
at least seven planets with sizes and masses similar to the Earth, which orbit
around the Jupiter-like size star TRAPPIST-1. As reported by the authors, the
transiting configuration of this planetary system around this kind of star makes
possible in-depth studies of the planets atmospheric properties with current and
future astronomical facilities ([48]).

e Free-Floating Planets: Some exoplanets have been found that are not associated
with host stars but which float as independent entities within the galaxy. Free-
Floating Planet is a planetary- mass object that orbits the galaxy directly.
They have either been ejected from the planetary system in which they formed
or have never been gravitationally bound to any star or brown dwarf. A study
conducted with the OGLE survey observations from 2010 to 2015 shows the
existence of a large population of Earth-mass free-floating planets, while free-
floating Jupiter-mass planets are rare (|77]).

'It must be recall that, according to the definition adopted by the International Astronomical
Union’s Working Group on Extrasolar Planets, objects more massive than 13 times Jupiter’s mass
are classified as brown dwarfs, since they are capable of fusing deuterium.
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Figure 2.15: Schematic of observation methods used to characterize the atmosphere of Exoplanets.
The planet is shown in the different orbital phases related to the different methods. Figure taken
from [30].

2.3.3 Exoplanets atmospheres

We are now entering a new era in exoplanetary science; going beyond planet
detections, the field is now moving towards detailed characterization of exoplanetary
atmospheres. In fact, as written in [30] and therein references, this provides the
best hope for distinguishing the makeup of its different layers, and the only hope for
understanding the interplay between initial composition, chemistry, dynamics and
circulation and disequilibrium processes.

Observations of exoplanetary atmospheres present much more stringent require-
ments on the instrumental capabilities than planet detection; in particular a combi-
nation of significantly higher sensitivity and higher spectral resolution are required
for reliable atmospheric detections and characterization ([66]).

The characterization of exoplanet atmospheres through observations has been to
date restricted mainly to inflated hot Jupiters, whose large scale-heights and high
temperatures make them ideal target for atmospheric observations. In addition at-
mospheric studies has been also done for some hot Neptunes, a few super-Earths and
for a few young and self-luminous gas giant planets.

The main observational techniques for exoplanets atmospheres science, summa-
rized in Fig.2.15, are:

e Direct Imaging: Fxoplanets detected to date via direct imaging are all young
gas giants at large orbital separations. The advantage of direct imaging, as
explained in [66], is that the detection of a planet simultaneously results in
observation of its atmospheric thermal emission spectrum and albedo, i.e. at-
mospheric characterization can be pursued simultaneously with detection. The
disadvantage of direct imaged exo-atmospheres is that, because of to the their
wide orbits, data are available at only one point of the orbital phase which
means thermal phase curves (see after) are not observable, thus precluding
constraints on atmospheric properties with longitude. As explained before the
synergy of this method with spectroscopic analysis can be fundamental to infer
the chemistry and abundances in self-luminous planets through the detection
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of absorption features.

o Transit and Eclipse photometry: exploiting the same principle for transit de-
tection, when the planet has an atmosphere its opacity varies with wavelength
and so the radius at which the planet’s atmosphere becomes optically thick
changes with wavelength ([99]). The measures of the flux decrement at multi-
ple wavelengths gives the planet atmosphere radius as function of wavelength
(the so called the “transmission spectrum”). The analysis of the transit signal in
gpecific photometric bands reveals features directly related to the atmosphere
chemical composition. The reliable measure of these features requires photo-
metric fractional precision of ppm; for example in the case of an Farth-Sun twin
system 1ppm, while a few thousand ppm for a typical hot Jupiter (values taken
from [30]). “Secondary Eclipses” allow to reveal and characterize, in the planet
day-side, the thermal emission, due to internal atmospheric heating processes
or reradiated star-light, in the infra-red wavelength bands and albedo mainly
in the optical-UV bands.

e Phase Curves: Phase curves track the modulation of planetary thermal emission
and/or reflected starlight throughout a planet’s orbit; it is therefore required
the observation of the system for a substantial fraction of an orbit [55]. This
aspect makes these observations to be complementary to secondary eclipses be-
cause phase curves provide information about atmospheric conditions across the
planet’s surface by measuring longitudinal brightness and temperature maps.
These maps give relevant clues on the planetary atmospheric dynamics and
energetics. Phase curves are also useful in constraining albedo at shorter wave-
lengths and inferring cloud covering across the whole planet atmosphere [33].

e Transit, Eclipse and High Resolution Spectroscopy: this has been the most
powerful tool for atmospheres studies since in an exoplanet spectrum is encoded
information about the chemical composition, thermal structure and physical
processes in its atmosphere (like circulation). Transit spectroscopy is related
to the transmission in day-night terminator region of the planet surface, while
eclipse spectroscopy to the day-side emission; while transmission spectra have
been obtained from UV to mid-infrared wavelengths, thermal emission spectra
are mainly obtained in the near to mid infrared (since the planet emission peaks
in these bands). The first exoplanet atmospheric transmission spectrum, in
2001, was the one of the hot Jupiter HD 209458 b, observed from space with the
Hubble Space Telescope; the spectra were obtained using the medium resolution
Space Telescope Imaging Spectrograph (STIS) instrument in the wavelength
region 581.3 < A < 638.2 nm, where an extra absorption of ~ 200 ppm of the
sodium doublet (at ~ 589 nm) was measured [27], see in Fig.2.16 a portion of
the spectrum centered on the doublet lines. The HST has been used to study
and infer constraints in the atmospheric composition of other hot Jupiters and
sub-Jovian planets.

Fundamental improvements in atmospheric characterization of exoplanets have
been possible thanks to the use of ground-based high-resolution spectrographs;
in fact large ground-based telescope coupled with high-resolution spectrographs

24



CHAPTER 2 2.3. EXOPLANET CHARACTERIZATION

1.6x10°

1.4%10°

photoelectrons

1.2%10°

1.0x10°

590
wavelength (nm)

Figure 2.16: Portion of a STIS spectrum of HD 209458, centered on the Na D lines, taken from [27].
As described in the paper, the vertical axis is the number of detected photoelectrons per wavelength
pixel after integrating over 17 pixels in cross-dispersion. The vertical lines indicate the band passes
over which the spectrum was integrated to produce the photometric time series.

allow to obtain high SNR and well resolved features in the exoplanetary spec-
tra. High dispersion spectroscopic observations can be successfully used for the
study of systems with bright hosting star and exploiting large telescopes since
the planetary signal diminishes with the increased resolution. The first ground-
based detection of an exoplanet atmospheric signature, shown in fig.2.17, was
the Na I doublet detected in HD 189733 b with the High Resolution Spectro-
graph (HRS; R ~ 60000) mounted on the 9 m Hobby-Eberly Telescope [96]
and was confirmed in HD 209458 b using the High Dispersion Spectrograph
(HDS; R =~ 45000) on the 8 m Subaru telescope [102]. As also reported in
[30] high dispersion spectroscopy regularly detects thermal emission from hot
Jupiters at the ~ 10~ level relative to the star (eclipses) and measures molec-
ular abundances as small as ~ 10~* or ~ 107" (transmission). In the infra-red
region the high resolving power (R=100000), of the Cryogenic High-Resolution
Infrared Echelle Spectrograph (CRIRES) on the Very Large Telescope (VLT)
made possible the tracking of the wavelength shift of individual spectral features
composing molecular bands of H20, CO, or CO2 present in the planetary atmo-
sphere. This technique have been also exploited to constraint on the day-night
wind velocity in the planetary atmosphere [103]. In addition, near-infrared high
resolution spectroscopic observation of direct imaged exoplanets led to the first
determination of the spin period of an exoplanet, the voung gas giant § Pic
b, exploiting the blue-shifted measurement of carbon monoxide in the planet’s
thermal spectrum [104].

In the following, a brief summary of the observational inferences of atmospheres
chemical compositions and physical processes is given, with particular attention to
the large amount of properties discovered and/or constrained through transmission
spectroscopy and broadband photometry.
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