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Preamble

In 1609, Galileo Galilei pointed for the first time a small telescope to the sky.
Few years before Giordano Bruno, an Italian Dominic friar philosopher was burned as heretic.
One of his affirmations was that there are other universes (at that time the universe was only
the Solar System with about 6000 fixed stars).
When Galileo pointed his telescope to Jupiter for the first time in the history, he discovered
four moons (Io, Europa, Ganymede and Callisto). Iterating the observations of these moons, he
understood that they orbit around Jupiter. Today this is not surprising, but at that time it was
the first observation unequivocal of a system of some celestial bodies that don’t orbit around
the Earth. Galileo, who was a Catholic, reconsidered the affirmation of Giordano Bruno, as he
had just found an independent system. Galileo promoted heliocentrism for the Solar System
from this discovery (and others like Venus’s phases) with experimental proofs of this theory.
Galileo wrote in a letter (dated 21st December 1613) to the abbot of the Benedectine monastery
of Monte Cassino “Benedetto Castelli” that Bible cannot be wrong, but the interpretation of
the Bible could be wrong.
Some years later (in 1633), Galileo was forced to recant his affirmations (the most important is
that the Earth orbits around the Sun and not the contrary).
In 1992, the Pope, Saint Ioannes Paulus II, apologized for the Catholic Church error against
Galileo (speech of Pope Saint Ioannes Paulus II Saturday 31st of October 1992). In particular,
the Pope appointed a commission of theologians, scientists and philosophers who founded some
errors on the analysis performed in 1633. The most important statement is to interpret the
Bible not as a scientific text but as a religious one, so the descriptions in the Sacred Text are not
“physically detailed” descriptions of the world. The scientific knowledge of the physical world
is performed by the scientists, the God’s Revelation of the world is described in the Bible.
Respect to XVII century the scientific knowledge of the universe is very extended. Nowadays
we know more than 400 planetary systems in our galaxy (The Milky Way)...
Our Galaxy is one of the billions of observed galaxies in the today known universe...

Probably also the affirmations of Giordano Bruno must be revisited...






Introduction

The work of this thesis is based on the study and the measurement of the polarization of
exoplanets.
Exoplanets are planets revolving around stars other than the Sun.
The first exoplanet was discovered in 1995 [5].
At the time of writing of this work (15 April 2016) 2107 exoplanets have been discovered[2].
The characteristics of these exoplanets are various and, in some cases, very different from the
planets of the solar system.
There are different methods to discover exoplanets. The main methods are called “radial ve-
locity method”and “transit method”. The first is based on measuring the radial velocity of
the star to detect the variations induced on the same planet during its period of revolution of
the star. The “radial velocity method”is able to measure the oscillation of the star around the
center of gravity of the star-planet system. The “transit method” measures the decrease in the
brightness of light (by the light curves) due to the planet’s transit in front of the star (if the
orbital characteristics allow transit).
The new scientific challenge does not only consist in discovering new exoplanets, but it consist
also in characterizing those already discovered. To characterize an exoplanet means to derive
primarily physical parameters such as density and surface gravitational acceleration, but also
to characterize the composition of its atmosphere (if it is present), and the features of the solid
surface (if it is present).
Currently, some characteristics of planetary atmospheres are known by spectroscopic techniques

(for example by comparing the two transits, in front and behind the star).

Theoretical studies [43] highlight polarimetry has been recognized as a powerful technique for
enhancing the contrast between a star and an exoplanet, hence to directly detect it. Moreover,
polarimetry can also be used for characterizing exoplanets, because the planet’s degree of polar-
ization as a function of wavelength and/or planetary phase angle is sensitive to the structure and
to the composition of the planetary atmosphere and to the surface type . The polarization in the
range of visible light depends strongly on the surface characteristics, weather and meteorology

(clouds or clear) of the exoplanet [44].

A polarimeter is an instrument that through a spatial or temporal modulation (or both) al-
lows to measure the polarization of the test source.
Some telescopes host polarimeters getting into the light path, as FOCAS [71], PEPSI [73], TUR-
POL [48]... (see tables 1, 2, 3, 4, 5 in cap. 3 for a complete list). Typically these instruments are
optimized for a specific purpose (for example a particular wavelength, a high spectral resolution,

high temporal resolution).

Piirola et al. (2008, 2011)[45], [46] claim to have measured the polarization of exoplanet
HD189733b measured by TURPOL polarimeter, reporting a degree of polarization of about
2-1075, but another paper by Wiktorowiticz (2010) [49] denied the discovery, reporting a more



sensitive measurement performed by POLISH polarimeter.
Current difficulties in such kind of measurements underline the need of polarimetric instrumen-

tation having sufficient sensitivity.

The aim of this thesis is to design a new kind of a polarimeter for characterizing
exoplanets and to realize a prototype of the instrument.
The optical scheme proposed for this polarimeter has never been used before. The optical scheme
is composed of a Brewster window and a wire-grid polarizing beamsplitter.

The polarimeter is projected to work in the visible light and near infrared wavelengths.

The thesis is divided in eight chapters and an appendix:

e In Chapter 1 the most important historical exoplanet’s discoveries and some methods
used to detect and to characterize exoplanets have been illustrated. There is also some

information about exoplanet’s atmospheres.

¢ In Chapter 2 some basics of polarimetry in astrophysics have been introduced. In par-
ticular some exoplanet’s reflected flux simulations which are useful to evaluate exoplanet’s
degree of polarization and which have been useful to elaborate this thesis are reported in

this part.

e In Chapter 3 some simple calculations which have been performed in this thesis on the
expected fluxes in the channels of a polarimeter are shown.

Furthermore, the scientific requirement by a polarimeter to observe exoplanets are defined.

e In Chapter 4 an optical scheme for a polarimeter is proposed in order to make it reach
the required features. A ray tracing simulation is also presented. Moreover, some supports

are illustrated in this chapter in order to perform the first optical test.

e In Chapter 5 the experimental set up used for optical test is shown. Furthermore ver-
ification of the general behavior of the optical scheme (light patches and intensity versus

polarization of the light source) is presented.

e In Chapter 6 the project of a complete layout of a polarimeter’s prototype is presented.
Moreover the description of each component of the instrument are described. The char-
acteristics of the used detector and some parameters, which have been experimentally

verified, are illustrated.

e In Chapter 7 the results of the calibration of the instrument using an artificial source of

light are shown. For this purpose it has also been written a program in order to analyze



the measurements. The program performs a multi-parametric fit of three curves to find the
best coefficients of transmission and reflection of the optics which best agree with obtained
experimental data. The results allow confirmation of the operation of the optical scheme

and the entire prototype polarimeter.

e In Chapter 8 observations of some celestial bodies are shown. In particular the celestial
bodies observed are planets in the solar system, the moon and some stars. Furthermore a

review of the program developed to analyze observation is illustrated.

e In the appendix mechanical projects, program code, additional calculus and extra optical

test are reported.

The thesis has achieved the goal to provide a working prototype of a polarimeter. The polarime-

ter has been calibrated successfully with a small telescope.
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1 The exoplanets

The main scientific topics of this thesis are the polarization of the exoplanets. This chapter
introduces some aspects of the discovery and study of planets orbiting other stars (exoplanets).
In paragraph 2.1 some notes on the discovery and characterization of exoplanets are remem-
bered. The paragraph ended with a look at future missions in development to study exoplanets.
Paragraphs 2.2, 2.3 and 2.4 are dedicated to the explanation of the main methods used to detect
exoplanets.

Paragraph 2.5 refers to some aspects of the characterization of the atmospheres of exoplanets
(if any).

Section 2.6 concludes the chapter with some brief remarks on the state of art about the research

on exoplanets.

1.1 Important dates of historical discovery of exoplanets

In 1992, Wolszczan and Frail announced the discovery of the first planet orbiting around another
star [1]. The star is very particular: it is the Pulsar PSR1257+12. This star has an intrinsic
variability with a period of 6.2 ms. The authors analyzed the data taken with the Arecibo radio
telescope of 305 meters of diameter at a frequency of 430 MHz. They noted a modulation of
the period. They excluded “any morphological changes that might indicate the presence of a
free precession of the pulsar spin axis or any magnetospheric phenomena at the level that could
lead to periodic TOA Time Of Arrival variations of the measured magnitude. Consequently, the
most plausible remaining alternative is that PSR1257 +12 has two low-mass companions and
that their orbital motion produces the TOA variations” [1].

Nowadays it is known that PSR1257 +12 has at least three planets [2]. This possibility was
considered in the original paper of 1992, but at that time the instrumental error was too large

to discriminate this evidence.

In 1995, the first exoplanet was discovered orbiting around the solar-type star 51 Peg [5].
The authors monitored the radial velocity of 142 dwarf stars with a precision of 13ms~! along
18 months of observations. The mass of this exoplanet (51 Peg b) is estimated between 0.5
and 2 Jupiter mass. The big difference with the Solar System is that the semi-major axis is
0.05 Astronomical Unit, that is very close to its star in comparison to Mercury (0.39 AU). This
discovery was immediately a scientific case of significant interest: until that the giant planets
were assumed located in an outer part of the planetary system.

The spectral class of 51 Peg is G2-3 V [7].
The temperature of the planet is expected above 1300 K: a very high temperature very close to

Jeans thermal evaporation temperature limit [5].
The discovery of 51 Peg b was followed soon thereafter by the detection of planets around 47

UMa b and 70 Vir b. In a quite short time the search for extrasolar planets has evolved into a

mature field in astrophysics [35].
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In 2000, the first detection of an an exoplanet with the “transit method”was reported [6].
This planet (HD209458b ) was previously discovered by means of the radial velocity method
(see next sub-chapter for method explanation). This planet is at 0.05 AU from the star and has
a radius of about 1.27 & 0.02R ;.

With the data from radial velocity and transit, an exoplanet can be better characterized.

These discoveries were the beginning of an intense exoplanet detection activity. About 200
exoplanets were known in 2007 [8].
Fig. 1 reports the mass, the orbital period and the size of confirmed exoplanets binned over
discovery year. Note that in the last years the number of the known exoplanets is incremented
very much. The enhancement in the exoplanet detection is due mainly to the two satellites
(CoRoT and Kepler) dedicated to the exoplanet’s detection. CoRoT satellite, a CNES mission,
was launched in december 2006. Kepler satellite was launched in march 2009 by NASA.
CoRoT (French: COnvection, ROtation et Transits planétaires) is the first space survey dedi-
cated to the photometric search for extrasolar planets [9].
CoRoT-Exo-1b is the first planet discovered by CoRoT in its initial run of observation. The
planet orbits a middly metal-poor GOV star of magnitude V = 13.6 in 1.5 days. CoRoT-Exo-1b
is a giant planet orbiting at ~ 5 stellar radii from its star. Its main characteristics are a large
radius and a very low value for the mean density that may be consistent with a planet’s metal
deficiency [9] (2008).
CoRoT results are that stars are very diverse, more complex than the Sun. Stellar models have
be revised and improved. Planetary systems are also very diverse than the Solar System. The
major difficulty for the detection of small planets is the stellar variability. Stars and planetary
systems have to be studied together [10].
The Kepler mission was designed to determine the frequency of Earth-sized planets in and near
the habitable zone (defined as the zone where the temperature is compatible for liquid water
on the planet surface) of Sun-like stars [14]. The data obtained by Kepler has provided high-
precision, high cadence, continuous light curves of tens of thousand of stars [16].
Kepler 10b is the first rocky planet found by Kepler. It is a planet about one and half time the
size of Earth, it si very hot with year lasting less then 1 Earth day. The density of this planet
is 5.8 grams per cubic centimeter (Earth: 5.5g/cm?). Temperature is about 1800 Kelvin. It is
probably got a molten lava ocean.
Kepler founds about 4200 planetary candidates. A lot of planets are bigger than Jupiter. Some
have density less than water. [17]
Kepler team found that Earth-size planets are common. Planets are being found in habitable
zone (the zone where the water could be liquid on planet’s surface). They estimate approxi-
mately 1 billion Earth-size planets in the habitable zone of Solar like stars in our galaxy. [17]
The loss of two reaction wheels on the Kepler spacecraft has ended the primary mission data
collection. The K2 mission is driven by the spacecraft’s ability to maintain pointing in all three

axes with only two reaction wheels.

A new generation of space missions for the exploration of exoplanets are in preparation (ESA:

12
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CHEOPS, launch 2017 and PLATO) (NASA: James Webb Space Telescope, launch 2018 and
TESS, launch 2018).

PLAnetary Transits and Oscillations of stars (PLATO) is the third medium-class mission in
ESA’s Cosmic Vision programme. Its objective is to find and study a large number of extrasolar
planetary systems, with emphasis on the properties of terrestrial planets in the habitable zone
around solar-like stars [18].

CHEOPS - CHaracterising ExOPlanet Satellite - is the first mission dedicated to searching for
exoplanetary transits by performing ultra-high precision photometry on bright stars already
known to host planets. The mission’s main science goals are to measure the bulk density of
super-Earths and Neptunes orbiting bright stars and provide suitable targets for future in-depth
characterisation studies of exoplanets in these mass and size ranges [19].

James Webb Space Telescope (JWST) is a multi-purpose instrument that also will tell us more
about the atmospheres of extrasolar planets, and perhaps even find the building blocks of life
elsewhere in the universe.

JWST will study exoplanets during the transit. When a planet passes in front of a star, the
starlight passes through the planet’s atmosphere. During the transit some of the stellar rays
are passing through the planet’s atmosphere before arriving at the telescopes; those few stellar
rays would now carry a faint imprint of the planetary gases they encountered in the planet’s
atmosphere. The capabilities of JWST’s instruments will enable photometric and spectroscopic
detection of both primary and secondary eclipses, measuring both atmospheric absorption and
thermal emission from a wide variety of planets. The spectrum of the star, added to that of the
planet, will have the ”absorption line” of the planetary atmospheric elements. JWST will use a
R ~ 700 grism to characterize the atmospheres, possibly even detecting the signature of liquid
water on rocky planets.

JWST will also carry coronagraphs to enable direct imaging of exoplanets near bright stars [20].
The Transiting Exoplanet Survey Satellite (TESS) plan to discover thousands of exoplanets in
orbit around the brightest stars in all-sky. This first-ever spaceborne all-sky transit survey will
identify planets ranging from Earthsized to gas giants, around a wide range of stellar types and
orbital distances. TESS will provide prime targets for detailed observation with the JWST, as

well as with other large ground-based and space-based telescopes of the future [21].

14



1.2 The method of radial velocity to detect exoplanets

The radial velocity detection method is based on a dynamic effect. Supposing to have a two
bodies system, composed of a star and a planet. The star “rotates”around the center of mass
of the system. Theoretically It is possible to find exoplanets looking for the star moving in the
sky, but most og the stars are so far away that the instrumentation often wouldn’t be able to
see their motion in this way. The projection of the star motion along the line of sight is an
harmonic oscillation and produces a modulate radial velocity of the star. The term “radial” is
referred to the observer - star line of sight. When the star moves toward the observer the light
is blueshifted, else when the star moves away the observer is redshifted.

Often, the barycenter of the planetary system is located inside the star on the contrary example
of what happens to the binary stars of similar mass.

The effect is larger for big mass planets closer to the star. The effect is modulated by orbital
planet inclination, as the radial velocity is only in the line of sight. The velocity is very small,
for example, the Sun moves at a max velocity of ~ 12.6m/s due to Jupiter [11].

In fig. 2 the historical graph of the radial velocity of 51 peg is reported. It was obtained by
Mayor and Queloz. It has permitted to discover the first hot Jupiter around solar-type star.

100 — -

Vi (msl)

~100 |- 1 .
-| " L Fo— " L L PR L Il n

FIG. 4 Orbital motion of 51 Peg corrected from the long-term variation
of the y-velocity. The solid line represents the orbital motion computed
from the parameters of Table 1.

Figure 2: Historical graph of the measure of the radial velocity of 51 Peg. It is evident the
modulation of the radial velocity attributed to 51 peg b. Extracted from Nature paper [5].

The maximum shift in wavelength can be computed by the Doppler (non relativistic) equation:

Ax =20 1)

ol
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In the case of the Hydrogen o Balmer line (Ao = 6563A) on the Sun the shift due to Jupiter is:

12.6m/s

7 6563A = 2.8-107%A 2
3-108m/s )

Ax="2 1=
C

this is a very favorable situation as in the case of earth-like situations is up to v, = 9.0cm/s and

this requires a very large resolving power and spectroscopes very sophisticated.

The inclination of orbital plane changes the effect of measured velocity as the instruments are

sensible only at the component of velocity vector project in the line of sight.
Av = v- sin (i) (3)

Where “i” is the angle between the “line of sight” and the direction of the orbital momentum.
If the orbital plane is orthogonal to the “line of sight” the radial velocity is null. If the orbital
plane is inclined at 45° the radial velocity is attenuated by a factor v/2. If the “line of sight” is
in the orbital plane the radial velocity is the real tangential velocity of the orbit (obviously the
maximum and minimum in the radial velocity curve that is similar to a sinusoidal shape).

In the case of multiple planetary systems, the effect of the planets are added together with the
star, and it is possible to have a graph like that reported in fig. 3. In these cases, a numerical
simulation must be performed to analyze data. The variables of the numerical simulation are
the number of planets, the orbital period, the inclination orbit plane angle and the eccentricity
of the orbit.

A modern instrument developed to measure the radial velocity is HARPS (High Accuracy
Radial Velocity Planet Searcher) commissioned in two telescopes: HARPS-North at “Telescopio
Nazionale Galileo” (Islas Canarias) and HARPS-South at ESO La Silla (Chile) [12]. HARPS
is a fibre-fed, cross-dispersed echelle spectrograph. The main characteristcs of HARPS is its
extraordinary stability. HARPS is calibrated by a simultaneous ThAr reference lamp (fed by

16



2 fibers). The ThAr-reference technique is able to measure and correct the tiniest instrumen-
tal drifts. To make the spectrograph intrinsically stable it operates in vacuum, since ambient
pressure variations would have produced huge drifts (typically 100 m/s per mbar). Two-stages
air-conditioning around the vacuum vessel controls the air temperature to 17°C with long-term
stability of the order of 0.01°C. The extraordinary stability translate directly into the stability
of the radial velocity measurements [12]. To confirm the discovery of the detection of a radial
velocity signal due to an exoplanet particular attention should be devoted to the study of the
star as some stars pulsating like this effect, and it can be confused with planet’the same s radial

velocity effect.

1.3 The transit method to detect exoplanets

The transit of an exoplanet in front of its star is another method used to detect exoplanets and
to calculate some physical properties.

When a planet transits over a distant star, the amount of light coming from the star decreases.
The larger the planet, the dimmer the star appears during the transit. In fact, the light from
the star during a transit follows a characteristic curve known as a “light curve”, from which it
is possible to extract many informations (for example of a light curve see fig. 5). From the light
curve it is possible to calculate the size of the planet, the radius of its orbit and many other
factors [69].

The variations of the star flux induced by the exoplanets are very different and can be up to
a few percent (see fig. 4 for the measured transit depth). There is no theoretical lower limit to
the transit depth. The only limit is the sensitivity of the instrumentation.

For the observation of a transit of an exoplanet is not indispensable sophisticated instrumenta-
tion. There are some exoplanets easily observable with a small telescope (about 25 cm diameter),

as reported in the next example.

In an event for general public in 2009 the transit of an exoplanet in the center
of Rome in Place “Campo dei Fiori” was observed in live with a telescope of
an aperture of about 25 cm. The exoplanet observed is Tres-3 b that has a
mass of 1.91 Jupiter-mass an orbital period of 1.31 day and a semi-major axis
of 0.0226 AU [2]

In transit the main three parameters are [15]:

1. the period of recurrence of transit;

2. the duration of the transit;

3. the fractional change in brightness of the star.

The recurrence of the transit is the planet orbital period “P”. If the mass “M” of the star is

known (for example from the position of the star on Hertzsprung-Russell diagram) it is possible

17
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duration of transit itself are shown. Data elaborated from [4].
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to determine the semi-major axis from Kepler’s Third Law:

@ G-M
PP e @

Where “a” is the semi-major axis and “G” is the Gravitational constant. The semi major axis

1S:
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The fractional change in brightness is equal to the ratio of the area of the planet to the area of

a =

the star. As the radius of the star can be estimated from Stephan-Boltzmann equation or more
precise from asteroseismology (the measure of oscillation of the star) the planet radius can be
computed easily.

The transit occurs only if the planetary orbit is near the line of sight. The probability 7}, of

observing a star being transited by a planet is:

d

Where “d” is the stellar diameter and a is semi-maior orbital axis. The equation is get from [64]
and in Appendix is reported a brief discussion.

For professional research of exoplanet was developed by ESA (European Spase Agency) the
CoRoT space mission [13]. CoRoT (“Convection, Rotation and planetary Transits”) is a space
mission to perform stellar photometry in ultra-high precision condition. CoRoT is equipped
width a telescope with a diameter of 27 ¢cm and 4 wide field CCD-detectors. During a run
CoRoT monitor about 12000 stars simultaneously and continuously over 150 days of observa-
tion. CoRoT can detect the exoplanets with an orbital period shorter than 50 days. The noise
of light curve acquired is not far from the photon noise limit. The light curve measured with
CoRoT are mixed with the ground-base observation of radial velocity, imaging and spectroscopy.
The confirm of detection is given only with the match of telescope detection with ground base
observations. This strategy allows to exclude almost all false positive case.

Another space-based mission to detect the transits of the exoplanets is Kepler developed by
NASA [15]. The main scientific target of the Kepler mission is to find planets 30 to 600 times
less massive than Jupiter. The Kepler satellite has a Schmidt telescope designed with a 0.95m
aperture and about 12 degree diameter FOV (Field of View). The instrument onboard Kepler
satellite is a photometer composed with 42 CCDs detectors. The images are intentionally defo-
cused to improve the photometric precision (it permits to have an extended dynamic).

The probability to observe a Jupiter-like exoplanet in transit around its star is less than 0.1%
[43].

1.4 Other methods to detect exoplanets

There are also many other systems to detect the exoplanets (see fig. 6). One of this is the
astrometry [22]. The Astrometry consists in the measurement of the position of the stars
repeated after some months and years to determine if there is also a signature of a planet that

orbiting around the star in the proper motion. The principle is the same that radial velocity,
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Figure 5: Light curve of Kepler 20c. The Flux measured is normalized at star flux. Credits:
NASA / Kepler Mission.

but, in this case, the system is sensible also to a planet with the orbital plane orthogonal to
the “line of sight”. A current space-based mission that uses this principle is Gaia. Gaia scans
all sky multiple times during 5 years of programmed activity. The precision is between 10 and
20 microarcsec at 15 mag. The data are useful also for the multiple scientific targets, as the
3-dimensions maps of Milky Way to investigate the origin and the evolution of our galaxy. Gaia
is expected to detect all the Jupiter-mass planets with orbital period between 1.5 and 9 years
within 150 light years from the Sun.

Microlensing is an advanced technique to detect exoplanets based on Einstein gravitational
lens’s effect predicted and verified by the theory of “general relativity”. A source star is used as
the reference, and it is observed during the passage of a “lens” star between the “source star”
and the observer. If the lens star host a planet near the “Einstein ring” (it is about at 2-3
Astronomical Units) the magnification assumes a particular signature (see fig. 7).

From microlensing detection, it is possible to obtain the planetary mass ratio respect to star
and the separation.

The “direct imaging” technique is a high-level proof of the detection of the exoplanets. This
technique requires a very large diameter telescope for improving angular resolution, a system
of adaptive optics for ground-base telescopes to reduce wavefront aberrations due to the atmo-
spheric turbulence. A big problem is the high difference between the flux emitted by the star
and the flux coming from the exoplanet. To avoid this issue, it is required a chronograph to
occlude the starlight. This technique preferably reveals the big planets at a high distance from
the star. The light coming from the exoplanet is due in part to its temperature (infrared black
body emission) and in part is due to the reflection of light coming from the star. Planet black
body emission is higher in young time of the planetary system as the planet is not yet cooled.
JWST (James Webb Space Telescope) will have the coronagraphic sensitivity to detect a Jupiter
analog around a Solar-type star out to ~ 30pc. This would be a broadband detection, taking
advantage of both the short-wavelength, as well as the more typically blackbody emission at
longer wavelengths [24].

In the fig. 8 it is reported the first direct image of an exoplanet obtained by [25]. Authors imaged

20



Planet Detection Methods

Michael Perryman, Rep. Prog. Phys., 2000, 63, 1209 (updated May 2004)
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the young brown dwarf 2M1207 with the NACO adaptive optics instrument of the VLT-UT4
Telescope. The source 2M1207 was then imaged in J, H, Ky and L’ bands. The AO (Adaptive
Optics) IR sensing allowed to close the adaptive optics loop on the star 2M1207 and to detect
in its close vicinity a faint and red object at 778 mas (milli-second of arc) [25].

In 2008 C. Doucurant et al. [26] measured the trigonometric parallax of the unresolved system
2M1207 with a precision better than 2%. This parallax puts 2M1207A and b at 52.4 = 1.1 pc
from our Sun [26].This implies that the distance of 2M1207b from the star is about 41 AU (little
more of the distance of Pluto by Sun).

Fig 9 reports the Image of a multiple-planet system obtained with Keck telescope, a telescope
located in the Hawaii’s Island with primary mirror of 10m of diameter composed of 36 hexagonal
segments and a 6 inch deformable mirror that adapts its shape even 2000 times per second to
correct the atmospheric’s turbulence [27].

A recent instrument developed to detect and characterized the exoplanets is SPHERE (Spectro-

2MASSWIJ1207334-393254

o
" 778 mas
“ SsAUTO pe

E

Fig. 1. Composite image of brown dwarf 2M1207 and its GPCC in H
(blue), K (green) and L' (red). The companion appears clearly distin-
guishable in comparison to the color of the brown dwarf 2M1207.

Figure 8: Direct image of exoplanet Giant Planet companion of 2M1207 taken from [25]. H,
K, and I are photometric bands utilized by [25].The distance of the star from us has been
measured more accurately in the following paper [26].

Fig. 1. HR 8799bcd discov- Keck H-bond July 14, 2004UT N | Gemini CH4S Oct. 17, 2007UT N
eryimages after the light from (!

the bright host star has been \‘ v

removed by ADI processing. N () v,{/ 7

(Upper left) A Keck image
acquired in July 2004. (Upper
right) Gemini discovery ADI
image acquired in October
2007. Both b and c are de-
tected at the two epochs.
(Bottom) A color image of
the planetary system produced
by combining the J-, H-, and
Ks-band images obtained at
the Keck telescope in July (H)
and September (] and Ks)
2008, The inner part of the
H-band image has been ro-
tated by 1° to compensate for
the orbital motion of d between
July and September. The central
region 1 masked out in the up-
per images but left unmasked
in the lower to clearly show
the speckle noise level near d.

Figure 9: Direct image of multiple planetary systems obtained by Keck telescope [23].

Polarimetric High-contrast Exoplanet REsearch) [28]. In May 2014, the commissioning of
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SPHERE starts at VLT. SPHERE is a combination of different instruments to detect and
characterize the exoplanets. It includes a powerful extreme adaptive optics system, various
chronographs, an infrared differential image camera, an infrared integral field spectrograph and
a visible differential polarimeter (ZIMPOL). The imaging polarimeter ZIMPOL works in visual
range (from 600nm to 900nm ). It is based on a fast modulation, using a ferroelectric retarder
and a demodulation technique described in paragraph ?? (page ??). The modulation is faster

than seeing variations. The instrument goal polarimetric precision is 107°.

Fig. 10 shows a graph of confirmed exoplanets, divided according to the method by which

they were discovered.
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Figure 10: Graph of Mass of confirmed exoplanet versus semi-maior axis. The color of the spot
shows the discovery method. The graph is recavated by plot tools of [3].
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1.5 The atmospheres of exoplanets

A planetary atmosphere is defined as the layer of gas that overlays the planet’s interior (a solid
rock or ice crust, a liquid ocean, or a high-pressure gas envelope) and surrounds the planet. Its
lower boundary is at either a solid or liquid interface, or (in planets such as gas giants) at a depth
where no light or heat can escape directly to space. Its upper boundary is where gas molecules
can move freely into space. Defining the boundaries in this way makes any atmosphere a gas
layer of a relatively low mass compared to the total mass of a planet [69].
Understanding a planet’s atmosphere is a necessary condition for understanding not only the
planet itself, but also its formation, structure, evolution, and habitability. This requirement
puts a premium on obtaining spectra and developing credible interpretative tools with which to
retrieve vital planetary information [31].
A detailed study by photometry and spectroscopy must be performed to characterize the atmo-
spheres of exoplanets. For about 50 exoplanets (mostly giant), the temperature, and atmospheric
composition have been studied [29]. In some cases, this data are ambiguous. . The reason is
that most of the data are low-resolution photometry at a few broad bands that retain major
systematic uncertainties and large error bars. Moreover, the theory of their atmospheres has yet
to converge to a robust and credible interpretive tool [31].
One method to characterize the atmosphere is to measure the radius of the planet in function
of the wavelength during transit. This technique is based on measuring the transit radius as a
function of wavelength. Because the opacity of molecules and atoms in a planet’s atmosphere
is a function of wavelength, the apparent size of the planet is also a function of wavelength —
in a manner that is characteristic of atmospheric composition. Such a ‘radius spectrum’ can
reveal the atmosphere’s composition near the planet terminators. For this kind of measurements
space-based telescopes like Spitzer or the Hubble Space Telescope or the largest ground-based
telescopes are required [29].
Another technique is to compare the two transits (180° of difference in orbital phase): the first
one is when the planet is transiting in front of the star and the second one when the planet passes
behind the star. In the first case the spectrum is the sum of the star, the planet atmosphere,
and the infrared planet emission; in the second case the spectrum is coming only from the star.
The difference between the two spectra is only due to the planet. The significant problem with
this technique is the instrumental stability of instrumentation and the low star flux passing in
planet’s atmosphere.
An important uncertainty of this technique derives from models and assumptions (like isotherm
atmosphere).
It is known the high complexity of the Earth’s atmosphere, and the difficulty to compute a
weather forecast even with a big database of surface and satellite data upgraded continuously.
The difficulty in modeling the Earth’s atmosphere can show the difficulties to create and test
the models of the atmospheres of exoplanets.

The atmospheric composition strongly depends from the temperature, as the molecules could
be in a phase of gas or liquid/solid in function of the temperature. The UV light coming from
the star can ionize some molecules and chemical reactions could be induced. Some exoplanets

probably have an haze or cloud layer in the atmosphere. For example Deming et al. [30] re-
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Figure 11: Transit depth spectrum of the Hot Jupiter HD209458b. Image from paper [30].

ported the presence of an absorption band by water in the atmosphere of HD 209458b at the
wavelength around 1.4um. Although the water also has an absorption line at 1.15um, this line
is not observed ((see fig. 11). This effect is interpreted as a superimposition of a continuum due
to a haze layer.

Burrows [29] underlines the necessity of a model including condensation and atmospheric circu-
lation for exoplanet with haze.

The presence of dust in the atmosphere is also a possible alternative to haze layer.

The molecules clearly identified, in exoplanets’s atmosphere until now, are water, carbon monox-
ide, sodium, potassium and molecular Hydrogen and various ionized metals.

Some molecular detections reported in literature based on photometry are very model-dependent.
Only with spectra it is possible to assure the evidence of a particular molecule.

These giant exoplanets are supposed to form in the outer region of the planetary system. As
the temperature is colder than the actual temperature, they suppose to have an initial differ-
ent atmosphere, also with ice (they form beyond the “ice-line”). The hypothesis is that when
they approach the star, the atmosphere partially evaporates. This assumption is confirmed by
the detection of wind in ultraviolet observation (Lyman-a of Hydrogen) during three transit of
HD209458b by Vidal-Majdar et al. [32]. What they have estimeed is the radius of the exoplanet
at the wavelength of 120nm and it is much larger than optical radius. So they have interpreted
this as an hydrogen wind that flows out from the exoplanet.

The light curve of the star must contain the flux from the star, the flux reflected from the
exoplanet (maximum emission in optical and ultraviolet) and the thermal emission flux from
the exoplanet (maximum in infrared). They are modulated with the orbital phase of exoplanet
and the reflect components depend on planet’s albedo, that ’s hard to determine and strongly
depends on the presence of clouds. Night/day variation must modulate the infrared emission.
A first measurement of this effect has been performed on HD 189733b [33]. The obtained dif-
ference between night and day temperature is about 240K, lower than expected. This suggests
a mitigation of the night by super-rotational flows (like in Jupiter). A map of the temperature
(with many assumptions) is extracted from these data, obtained with infrared space telescope

Spitzer at wavelength of Sum.
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A significant improvement in atmosphere characterization could be achieved by the launch of
JWST infrared space telescope and construction of the ground-base telescope EELT (with the
diameter of the primary mirror of about 40m). Even measurements of the polarization of the
reflected radiation of exoplanets will help characterize their atmospheres as shown in the next

chapter.
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1.6 Some significant results obtained in exoplanet research

At the time of writing of this work (15 April 2016) 2107 exoplanets have been discovered[2].
In addition to the confirmed planets, NASA’s Kepler mission has published results on several
thousands of planet candidates [18]. Together with radial velocity and microlensing survey de-
tections, these results show that Earth-size planets are very numerous. The discovery of very
low-mass planets so close to the detection threshold of radial-velocity surveys, and over a short
period of time, suggests that this kind of object may be rather common. In particular rocky
planets like our Earth, could be very common around solar-type stars [35]. This idea is fully
supported by state-of-the-art planet formation models based on the core-accretion paradigm.
The range of terrestrial planets as found in our Solar System, with masses from Earth- down to
Mercury-sized objects beyond 0.3 au, is still basically unexplored today.
Super-Earths are rocky planets with masses below 10My (Earth mass).
Fig. 12 shows the current status (update at 2013) of Super-Earth planet detections in compari-
son to the position of the Habitable Zone (defined as the region around a star where liquid water
can exist on a planetary surface). Most super-Earths have been found at orbital distances to
the star closer than the Habitable Zone. Detections in the Habitable Zone have been made by
radial velocity or transit measurements. [18].

About 20 planets are found within the habitable zone .
CoRoT and Kepler, have provided more then 1000 planets, of which 100 of them are known
to both the planetary radius that the mass simultaneously, from hot gas giants to a few hot
super-Earths [18].
The formation of planets is presently believed to result from two different scenarios, which may
or may not be mutually exclusive. In the core-accretion scenario, a planetary core is first formed
by the accretion of solids that mutually collide. In the second scenario, the disk instability
model, the formation of a giant planet is the result of the presence of a gravitational instability
in a cold and massive protoplanetary disk [18].
The low-mass planets have a wide range of densities (more than an order-of-magnitude). Planets
at low masses and densities are indicative for planet with large H-atmosphere envelopes.
planets [18].
Only seven exoplanets with orbital periods > 50 days are currently known [18]. For rocky ex-
oplanets, the numerical models have to be consistent with the observed planetary masses and
radii. Such models have been used to derive mass-radius relationships for exoplanets assuming
a range of different mineralogical compositions to gain insight into the interior structure and
possible bulk compositions of these planets [18].
For the smallest planets, radii are better constrained than masses. These planets are usually
detected by space missions providing photometrically accurate light curves, and hence radii, but
the target objects are too faint to permit an accurate mass determination. In many cases, even
a rocky or icy nature cannot be distinguished within 1 sigma error. The knowledge of mean
planet density is foremost dependent on the quality of the stellar mass and radius determina-
tions. Typical current uncertainties for radius and mass determinations of small planets are

around +6% and +£20%, respectively, leading to uncertainties of 30 to 50% in mean density.
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Figure 12: Graph of discovered Super-Earth exoplanets (mass < 10 Earth mass). The graph

was derived from the data in [2].

The y-axis shows the mass of the star in solar masses. The

x-axis shows the semi major axis in astronomical units of the planet orbit. The habitable zone
is superimposed in green (taken from [18]).
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Giant planets are planetary bodies primarily consisting of hydrogen and helium as well as a
small fraction of heavy elements. The Solar System gas giants are Jupiter and Saturn.
The icy planets of the Solar System are Uranus and Neptune, and standard interior models
suggest that they consist of three main layers: 1) an inner rocky core; 2) a water-rich envelope;
3) a thin atmosphere composed mostly of hydrogen and helium with some heavier elements.
However, it should be noted that due to the uncertainties of the measurements it is still unclear
whether Uranus and Neptune are truly ’icy planets’ [18].
The compositions and internal structures of extrasolar giant and Neptune-sized planets are less
constrained than the planets in the Solar System, but they offer the opportunity to study giant
planets as a class. The diversity of gas giant and ‘icy’ exoplanets is much larger than expected
from our Solar System.
Although the majority of transiting giant planets are composed mostly of hydrogen and helium.
their internal constitution is not necessarily similar to that of the gas giants in our Solar System.
In fact, exoplanets show a large diversity of masses and radii, yet to be explained [18].
Extrasolar giant planets can differ significantly from Jupiter and Saturn, for example giant plan-
ets close to their parent stars are exposed to an intense stellar radiation.
Although our understanding of “hot Jupiters” is still incomplete, substantial progress in study-
ing these objects has been made. Interior models including the effects of irradiation have been
computed [18].
The compositions of gas giant planets can reveal important information on giant planet forma-

tion.

The number of planets known to orbit giant stars ( 50) is still small compared to those known
to orbit main-sequence stars, but their number has dramatically increased in recent years and

is expected to do so in the near future [18].

The discovery of 7 circumbinary planets in 6 systems has been announced to date [18]. Doyle
et al. [36] report the detection of the first planet whose orbit surrounds a pair of low-mass stars
(Kepler-16b). The planet is comparable to Saturn in mass and size and is on a nearly circular
229-day orbit around its two parent stars. The eclipsing stars are 20 and 69% as massive as the
Sun and have an eccentric 41-day orbit. The motions of all three bodies are confined to within

0.5° of a single plane, suggesting that the planet formed within a circumbinary disk.

In the past decade, numerous studies have been published on the use of wavelength-dependent
primary transits and secondary eclipses to characterise the atmospheres of exoplanets. High-
lights include the claimed detections of molecular features in the infrared to the inferred presence
of clouds/hazes in the visible in the atmospheres of hot Jupiters, and even the detection of the
exosphere. Visible data determine the albedo, the identity of the major spectroscopically inert
molecule and the relative abundance of clouds/hazes of the atmosphere [18]. The spectroscop-
ically active molecules of an atmosphere typically contribute spectral features in the infrared,
but these molecules are often minor constituents of an atmosphere (by mass).

Phase curves show the flux as a function of orbital phase, which may be deconvolved to obtain

the flux versus longitude on the exoplanet, known as a “brightness map”. Infrared phase curves
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contain information about the efficiency of heat redistribution from the dayside to the nightside
of an exoplanet. By contrast, visible phase curves encode the reflectivity of the atmosphere
versus longitude, which in turn constrains the relative abundance of clouds or hazes if they are
present.

Examples of exoplanets where clouds are likely to be present include Kepler-7b, which has a high
albedo (= 0.3) and a phase curve containing a surprising amount of structure. The feasibility
of obtaining visible phase curves has already been demonstrated for the CoRoT and Kepler

missions [18].

Observations around bright enough stars with the Hubble (HST) and Spitzer Space Tele-
scopes, combined with theoretical studies of transiting exoplanets, have indicated that obtained
UV spectra related to the upper atmospheres can be used to study a number of issues, for ex-
ample: space weather events on exoplanets, properties such as the thermospheric structure, the
exosphere-magnetosphere-stellar plasma environment, outflow of planetary gas including hydro-

gen atoms and heavy species such as carbon, oxygen and metals [18].
Modulations in the transit light curve also allows for the detection of planetary rings and

large moons. There is a well-developed project searching for moons around transiting extrasolar

planets in the Kepler mission, but so far the search has proven to be elusive [18].
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2 The polarization

In this chapter, the definition of the polarization of an electromagnetic wave is introduced.
Some general concepts about the tools used to measure the polarization (the polarimeters) are
explained and examples of instruments for astrophysics uses are presented.

A small report on polarization data reduction is provided.

The physical reasons, that show why the light reflected from an exoplanet should be partially
polarized, are discussed and some numerical simulations that support this hypothesis are re-
ported.

In conclusion a controversial measure of the polarization of the star HD189733 perhaps due to
its exoplanet HD189733b is presented.

2.1 Polarization basics

A basic feature of Maxwell equations is the existence of traveling wave solutions that carry

energy. Let us now consider solutions of the form:

i Ey - ez’(k’ cr—w-t)

(7)

oo =
I

iy - By - ik r—w-t)

where a7, and ds, are unit vectors, Fy and By are complex constants, and k=Fk i and w are
the “wave vector” and frequency, respectively. Such solutions represent waves traveling in the
71 direction, orthogonal to a1, and ds, since surfaces of constant phase advance with time in the
7 direction [40].

The polarization of light is connected with the oscillating direction (dy) of electric field. We
need consider only the electric vector E; the magnetic vector simply stays perpendicular to E
and has the same magnitude as E.

Light is called unpolarized if the direction of its electric field fluctuates randomly in the time.
The monochromatic plane waves described in Eq. 7, and represented in fig. 13, are linearly
polarized; that is, the electric vector simply oscillates in the direction dy, which, with the
propagation direction, defines the plane of polarization [40].

In a realistic case, the direction of oscillation of electric field could be fixed or not. For example
in a thermic emission process (Planck radiation) there isn’t a favored direction for the electric
field, and so the thermic emission process is unpolarized. Lasers are the most common source
of polarized light. In everyday life, a mobile phone LCD screen or the computer’s screen is very
common source of linear polarized light.

The Stokes parameters are used to quantify the polarization.
Consider a parallel beam of light traveling in a certain direction, which it is chosen to call the
positive x direction. The components of the electric field in any two mutually perpendicular

directions (represented by unit vector 7 and [ may be written in term of the amplitudes (ar) and
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Figure 13: Representation of a monochromatic electromagnetic wave. The electric field oscillates
in the y-axis, and the magnetic field in the z-axis (as a consequence of Maxwell equation).
The wave propagates along x-axis. From university general physics book “Fisica Generale -

Elettromagnetismo” by Focardi, Massa and Ugonozzi

(ar) and phases (¢) and () as [65]

E=aq: ei(w't—k'y—q)
E, =a,- ei(o.wtfk-yfer)
represent time, k = == is the wave number and 7 X | is the direction of propagation.
t rep t time, k = 2T is th b d # x [ is the direct f propagat

The Stokes parameter are the time average [65]

I = (E,E} + E,E?)
Q= (EEf - E,E)
U=(EE;+ E.Ef) =2(aa, cosd)
V = (EE} — E,Ef) = 2(aa, sin 6)

(af +a7)
(af —af)

where 0 = ¢; — €, and asterisk represents the complex conjugate.

The Stokes parameters of a mixture of independent waves are sums of the respective Stokes

parameters of the separate waves.

Suppose that E, is subjected to a constant retardation e with respect to E; and let I(W,€) be

the intensity of light due to vibrations in the direction making an angle ¥ with the [ direction.

So, Stokes parameters can be obtained from the following “measurements” [65]:

I = 1(0°,0) + 1(90°,0)

Q = 1(0°,0) — 1(90°,0)

U = I(45°,0) — 1(135°,0)
V =1(45°m/2) + I(135°,7/2)

0
0

—
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“I”is the total intensity. QQ is the excess in the intensity of light transmitted by a polarizer which
passes linear polarization in the “1”direction (¥ = 0°), over the intensity of light transmitted
by polarizer which passes linear polarization in the 7 direction (¥ = 90°). “U”has an analogous
interpretation with intensity for ¥ = 45° compared to that for ¥ = 135°.

“V”is the excess in intensity of light transmitted by an instrument which passes left-handed
circular polarization [65].

An arbitrary beam of radiation can be mathematically decomposed into two parts, one un-
polarized with Stokes parameters {I — \/m, 0,0,0} and one polarized with Stokes

parameters {\/Q? + U2+ V2,Q,U,V} [65].

Thus the intensity of polarized light is I, = /Q? + U2 4+ V2 . The degree of polarization is
I 2 2 2
j l}olQOJrIU t+V (11)

The intensity of linearly polarized light is defined as Ij, = 1/Q? + U? and the intensity of circu-
larly polarized light as Icp =V [65].

The principal optical components used to manipulate the polarization are:

e Polarizers - In order to select a specific polarization of light, polarizers are used. Polar-

izers can be broadly divided into reflective, dichroic, and birefringent polarizers.

— Reflective polarizers transmit the desired polarization while reflecting the rest.
Wire-grid polarizers consist of narrowly separated metal wire grids deposited on an
optical surface that are available for shorter wavelengths due to the great advances
made in micro-lithography. Wire-grid polarizers can also be used in polarizing beam-
splitter cubes with much improved performance compared to thin-film cube beam-
splitters [60].

— Dichroic polarizers (Polaroid) absorb a specific polarization of light, transmit-
ting the rest; modern nanoparticle polarizers are dichroic polarizers.

More recent types, such as the HN42 line, provide higher transmission (42 % for un-
polarized light) with better environmental stability then the common HN38 line.
Dichroic glass polarizer are based on the alignment of elongated metal particles in
glass. Polarcolor covers the 600 to 2100 nm range, colorPol covers the 375 to 2000
nm [60].

— Birefringent polarizers rely on the dependence of the refractive index on the po-
larization of light. Different polarizations will refract at different angles and this can
be used to select certain polarizations of light.

Historically, birefringent crystals have been the material of choice to build polarizers
and polarizing beamsplitter and they are often found in astronomical instruments.

The most frequently used polarizing beamsplitter is the Wollaston prism, which uses
prisms with crossd optic axes. As the the birefringence exhibits dispersion, there can

be some reduction in image quality in broadband and/or diffraction-limited applica-
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tions [60].

Thin-film polarizers consist of a thin-film coating on an inclined substrate, which
forms a polarizing beamsplitter. In most astronomical cases, thin-film polarizers
are used in the form of cube beamsplitter. They are mainly used in broadband
polarimetry, where crystal-based components exhibit unacceptable chromatic effects
[60].

e Retarders - While polarizers select certain polarizations of light, discarding the other

polarizations, ideal retarders modify existing polarizations without attenuating, deviat-

ing, or displacing the beam. They do this by retarding (or delaying) one component of

polarization with respect to its orthogonal component.

HWP fixed retarders - An Half Wave Plate (HWP) changes the direction of linear
polarization: It rotates the direction of the linear polarization by twice the angle
between the input polarization and the fast axis. Linear polarization parallel to
either the fast or the slow axis is unaffected, as these are the eigenvectors of the
retarder [60].

QWP fixed retarders - A Quarter Wave Plate (QWP) converts circular into linear
polarization at +45° from retarder’s fast axis, and vice versa.

Liquid crystals variable retarders - Liquid crystals offer a new approach to mod-
ula