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”That’s home,” said Sagan.

“That’s us..

“Every saint and sinner in the history of our species lived there,
on a mote of dust,

suspended on a sunbeam.

”In our obscurity,

in all this vastness,

there is no hint that help

will come from elsewhere

to save us from ourselves.

“It is up to us.”



ITepiindmn

Y10 mpoyTo PEpog TNe HTuytanhc auTtic epyasiag, TaEOoLCLACOUNE TNY TEMOTY O TATIO TLXN
avdAvoT Yot a0 TERES EEWYUMAEIAXAC TPOEAEUGTC TToL Vol uTtopoLGaY Vo PLhoEeEVACOLY
TOUAGytoTOV évar EEWTAAVATY.  AVUAUOUUE To QWTOUETEIXG OEGOUEVA TOU GPALOOELDN
vavou yohoior ot Mixer) ‘Apxto  (UMi Dwarf), mou napatnehdnxay and to -
Aeoxémo twv 2.5 m Isaac Newton Group Telescope (INT) xou umoloyiloupe tnv
miovoTNTOL Vo oV VEUGOUUE Wt B1dBaor) TAaVATY, UE Baom Tar YapaxTNRLo T TV o-
OTEQWY TOU OTATIOTIXOV OElYHATOC XaL TNV XATOVOUT TNG THavOTNTIC aviyVEUONG HE
™ u€Vodo Twv dlafdocwy. Xtdyog uag elvor va xadopicouue tocoL mavol Thavrteg
Yo unopovoay vo aviyveudoly otov yohalla UMi Dwarf oclugwva ye Tic uéyet orjuepa
OLVITOTNTES TV TNAEOXOTIWY XL, WE EX TOVUTOL, T1) ONULOVEYIX TOU TEMTOL XUTAAGYOU
ue vrorigloug acTépeg o evay dAho yorolia, ol onoiot Yo unopovoay vo GLAOEEVOLY
TAVATY), YLl LEANOVTIXEG DLUC TNUIXES ATTOC TOAEG.

Y10 6eVtepo Pépog tne Ituytanrc authc epyaoiog eQopudlouUE Ul GTATIG TIXY O-
véAuon eomiovnTtov oto Fahalio poc yenotwomowdviac 1o yaralloxd cuvIeTnd uov-
ého Becanson, yi tnv mpocopolnon g Yohalloxig xon Ao TEIXAC XATOWHACUNG
Cwvng, mpoxeyévou va utoloyloouue Ty mlavotnTo UTOEENS XATONOYWY TAAVT-
tov. T va a&rohoyrioouue v xatoxnootnTo TAavntey oto Iolo&io pog, yenot-
LOTIOW|OOUE TROGOUOIWOELS TOGOCTMV (o) TV eExpREewy uTEpXaVOPavdY (ot onoiot
oupPdhouv ot dnuovpyia Véwv acTépwy), (B) Tou oynuaTIonol ThavnTdy o ()
NG XATONOWOTNTAS Yol U TAALEEOLaxd XAEWwPEVoug ThavhTtee. Bprjxope 6t 0
0,75% v aotépwy oto Tahadio pac unopel vo TEQLEYEL EVOEYOUEVIC XATOXACLUOUS

TAUVATEC.



Abstract

In the first section of this diploma, we present the first statistical analysis on
extra galactic stars that could host an exoplanet. We analyze the photometric data
of the Ursa Minor Dwarf (UMi Dwarf) spheroidal galaxy, taken with the 2.5 m
Isaac Newton Group Telescope (INT) and we calculate the probability to detect
a planetary transit, based on the stellar characteristics of the statistical sample
and the transit detection probability distribution. Our goal is to determine how
many possible planets could be detected in the above galaxy using today telescope
capabilities and therefore to create the first catalogue of extra galactic exoplanet
host star candidates for future space missions.

In the second section of this Diploma we apply a statistical analysis of the
Milky Way exoplanets using the Becanson galactic synthetic model to simulate the
galactic and stellar habitable zones in order to calculate the number of habitable
planets. In order to calculate the habitability in our Galaxy, we model supernova
rates, planet formation and habitability on non-tidally locked planets. We found
that 0.75% of the stars in the Milky Way may possibly contain habitable planets.
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Y0vodn

ZEXWVOVTOC, OTO TRMOTO XEQPIAAO OUTNG TNG TTUYLAXHC XEVOUUE Wiot TOA) GUVTOUT Lo TO-
ELY| AVOBEOUT| TTERL TV PLAOGOPIXWY Vol NTHOEWY OAAS ol OXEPEWY OYETIXG UE TNV
Omopén dhing popphc Lo Tépa amo TN Y1 Ao Ta apyola yedvio UEyeL xou CHUERX
OEV EYOUUE ATAVTACEL GTO EQMOTNUA €AV ELUAOTE HOVOL OE OAOXATEO TO GUUTAY 1) OYL.
H mpdodog tng teyvoroyiag xar n uedoddtTnTo TV ETOTNUOVLY, Hog EQepe o€ VEon
vo tpoceyY{Couue OhOEVa TNV ATMAVTACT) OE AUTO TO EPWTNHUO UE OLAPOPES GUECES ol
EUUECES TEYVIXES.

Kielvovtag 1o xe@dhono autd xatahYOUUE K EYOUUE XAVEL GPXETY| TPOOOO GTO To-
UEQ TNG A0 TPOVOUING CUYXEXPUIEVA €YOVTAC GUAAECEL TOAAG BEDOUEVO OO OLAPORES
ETUTUYNUEVES AMOGTOAES, TEAYUA TO OTOI0 GUVETEYETOL TNV GUVEYELXL TV EQEUVITIXMY
TEOYPUUUATOV, TWV LG TUXDY ATOCTOAMY UE GXOTO TNV BLELEUVCT TV 0pLLOVTKDY

Tou avip@mvou YEVOUC.

270 0e0TEPO XEPSAALO TOPOUGIALOVUE TOUG TEOTOUS AV VEUGTC TAOVNTV oVODEL-
%«v0OVTAC TOL YOQUXTNELOTIXG TOU XOEVOC Xl TN CUVELCQORA TOUS OTNV avoXdAn(dm
VEOVY eCwnhlaxedy TAavnTey. Autol ebvou: (o) UE PETENOY OTN METUPOAT TNG axTVIXTG
ToyOTNTo Tou aotépa, (B) pe tn wédodo twv Swfdoewy, (Y) ue TNV Tapathenan Tne
Boputinic uxpoeotiaong Tou Tpoxaheiton and TUYOV TAUVATES oL UToEEl Vo SlordETel
éva dotpo, (8) pe v dueon mapoathienon and Tnheoxdmo, (€) UE TNV AVEAUCT| TV
YEOVIXOY BLOXUUAVOEWY TNG TEPLPORUS EVOC TAAVATY YUpw o’ TO UNTEXO doTEO.
YNy mopdypapo oYETIX Ue TN UEV0B0 TwV BBAoE®Y, TNV avanTOCOUUE TEPLOCOTEQO
oo TIC UTOAOLTES Ttapard€TOVTOG TO WOVTERD BLdBaong EEWTAAVATY UTEOG Td oo Ao TERX
xata tov Pal A. et. al. 2008.

Y10 Tpl10 EPIAAO TUPOUCLALOVUE TN CTATIOTIXT] AVAAUGCT| Yid 0O TEQEC EEMYUNO-
Eloic Tpoéheucnc Tou Yo uTopolcaY Vo PLAOZEVAGOUY TOUAAYIGTOV €Val EEWTAUVATY.
Avohboupe Tl PWTOUETEWXE BEBOUEVA TOU GQALEOeldr vavou yohalio ot Muer| Ap-
xto UMi Dwarf, mou napatnerdnxay and to 2.5 m Isaac Newton Group Telescope
(INT) e tn yenon e xduepac eupEne TEdoU xadde Xt 800 PWTOUETEIXWY QIATEWY

UE amoXELoT OT1 AoV ot TNV gpuilpY| TEpLoY Y| Tou @dopatog Aeuxol gwtdc. Tlpo-



oapu6louUE GTO OEBOUEV U0 UOTPOUETEIXO XATIAOYO, PE OXOTO Vo UeTateédouue
To woTEIXE PEYEDT TV a0 TEPWY TOU TEdlOU Uag O EVTOES QuTog. Emeita xoto-
ox€VALOUUE TO OLEYPUUUA YPOUUTOC-UEYETOUC Ao TERWY Yol VoL BpOUUE OTATIOTIXG To
oo TépLal TOL avixoLy otov e€wyaratio. Bploxouye 26 actéplo 0T QocopoTixy TERLOYN
FO- G5 xou peyédoug 21.0-24.0 ye moavotnTa va prholevoly mhovitn. H miavétna
VoL BeolpE €va TOUAGYLOTOV TAAVATY oTa OEdoUEVY pag elvon 58 + 4%. Avuty ebvor 7
ehdytotn mdavoTnTa Yo To 0EB0PEVAL UaS, VEWPEMVTAS TS VAl TOAD UEYUADTEQO TNAE-
OXOTIO oo T SLoEtua T1) OTuEEVY) EToY Y| Vol DWOEL AEXETE XAADTERN ATOTEAEGHUATAL,
Goar xon ueyohlteen mavotnta v Bpolue évar TOUAdYIGTOV TAUVY TN OTal Bedouéva
HOG. 2T CUVEYELL, XAVOUE TEOCOUOIWOT XUUTUAES POTOG UE TOL YUQUXTNELC TIXE TOV
AC TEQPMY TIOL oG EVOLAPEEOLY, xal ldae Teg elvon duvatd va Peedel xdmolog Thavitng
eloyahalloxrc npoéhevong, udlac M, = 1M;, oxtivac R, = 1R; xou tuyaiog Tyhc
neptodou (1 ewe 50 pépec) Ue T yprion tou tmheoxoniov twv 2.5 pétpwy tou INT.

Axbur), oL TPOCOUOUMGCELS UE TO BLUC TNUIXG a0 TEpOooXOTED - TnAcoxdémo James Webb
Space Telescope (JWT) é8ei&av moe pnopolue va emiPBefordcouue €va Thovi|Tn Ue to
TORUTEVE YAUEUXTNEIG T, UE TN HEVOBO TV UXTIVIXGDY ToyUTATWY Xal EY0VTaS UTOYN
oTL Yt éval ao Tépa pacpaTiol evpoug FO-G5, xan yeyédoug 22 - 24, mou @uriolevel
mhovAtn tonou hot Jupiter 1o RMS eivan 1.16 - 3.5 m/sec xou €0p0C axTVIXOY
ToyuthTY 50 - 100 m/sec. Apol xaTaAYOUUE GTO GUUTERUOUA WS EUACTE £TOWOL

vo. Bleuplvouue Toug 0plCovté pag mépa an’ 1o dwo pog Iohaia.

Y10 TETUPTO X0 TEAEUTAIO XEPAANO TN TTUYLOXNC AUTAS Epyacioug epoapudloupe
uior oTaTIo T avdAuon e€wmhavntov oto T'ohaio poc. Epeuvolue tov oprdud tev
xatowdowy eomiavntayv. (d¢ xatowroudn (ovn opiCoupe Ty TEployY| YUEW ATo
éva dotpo oty omola évag YRvNg pdlog TAAVATNG, UE XATIAANAT aTloc@ouExy Tie-
o), unopel va dltnefoel Vepd o uypr| wopgy| oty empdveld tou. Ot mhavAteg mou
Beloxovtar pe tn p€dodo twv dlBdoenmy, eivo TOAS UTOGYOUEVOL GTOYOL VLo TO TOPEN
¢ aoTpofoloyiog agol umopel vo yeteniel n atuocalp| Toug oG TAG.

Apyind, yenoylomoloUue ta amoTehéouata omd ToUg UTOPAPLOUS TAAVATES TNS Do TN
unic anootolfic Kepler, e€apdvtac dhoug toug hot Jupiters (2R < Rp < 8REg),
yioe var Beolue T xoTavouy| TNG TEpLOdou TV Thavntey. ‘Eneita, yenoylonowolue 1o

ahaCloxd cuvletind poviého Becanson, vl Ty Teocouolwon TV WOOTATOY TV
)



aotépwv (Fe/H, mass, distribution). Oedvtog mwe €vac xotoAoWos ThaviTng
xohomteton xotd 50% amd végpn COy & HyO, unoloyiloude Ty oo tp| xatouiown
Covn 6mwe opileton and tov Selsis F. et al. 2007.  Ou unoloyiopoi Monte Carlo
€delay moe N THoavoTNTo AMELNAC Ao COUTERVOPa ALEAVETAUL BROUATIXG TPOS TO ECW-
tepxd Tou Nohadlo, xou mwe évag xatodoyog TAavATNG BeV UTopel Vo oy MUt TEl
X0 VoL ETUBLOCEL OTOUDATIOTE PECH GE QUTOV. LUUPOVOUUE UE TO OYHUN TNG XATOLXIOL-
unc Lwvne oto lahadla and toug Gowanlock M. et al. 2011 and Prantzos N. et al.
2008.  XpnowomowwvTog TNV LUTOYEST TS UTHEYEL TOUALYLOTOV €VOC TAUVATNG avd
aotépor (Batalha N. M. et al. 2012), XoToAYOUUE OTO GUUTEQUOMO TS UTHEYOUY
1.4 dioexatouupLo XaTo ool TAAVATES, avdueoa ota 200 dioexatoppdpla aoTépL

oto [aho&io poc.






Chapter 1

Introduction

1.1 Historical Overview

From the ancient years many philosophers thinking about other planets in the uni-
verse, in order to figure out if we are alone through all the cosmos. As said greek
philosopher Mitrodoros from Chio (~ 4 B.C) : “If someone assumes that the Earth
is the only planet with life in the endless universe, in principal he believes, that
from one field full of seeds will grow only one of them”. Simplicius of Cilicia
cited that the philosopher Anaxagoras (500 B.C) argued that there are infinity
number of worlds in the universe. In the following years, many others investi-
gated and believed that there is possibility to exist another habitable planet and
maybe life on it, beyond our stellar system. Later Johhannes Kepler discovered
the planetary motion laws and at the end of 17" century, P. Laplace and E. Kant
suggested the first scientific theory for planetary creation. In early 19" century,
measurments of the temperature of stars, astronomers found out that stars are too
hot to harbour life. The German astronomer Otto Struve (Fig. 1.1), was the first
person to search for exoplanets examing light curves minimal diminutions due to
eclipses (transit method) (Struve O. 1952).

Struve’s believe in the existence of extraterrestrial life and
habitable planets because his research on slow-rotating stars,
showed him that stars spin at a much lower rate than was pre-
dicted by contemporary theories of early stellar evolution, as
result of them surrounded by planetary systems which had
carried away much of the stars’ original angular momentum,
claimed Struve. In 1960, Struve estimated from the big num-
ber of slow-spinning stars, there might be as many as 50 bil-
lion planets in our Galaxy alone. As he wrote: ”An intrin-
sically improbable event may become highly probable if the

9
Figure 1.1: Otto

Struve
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number of events is very great. ... It is probable that a good
many of the billions of planets in the Milky Way support in-
telligent forms of life. To me this conclusion is of great philo-
sophical interest. I believe that science has reached the point
where it is necessary to take into account the action of intelli-
gent beings, in addition to the classical laws of physics.”

Today (Summer 2014) more than 1800 exoplanets have already been discov-
ered. The definition of an extra solar planet is a planet in an orbit around a star
different from the Sun. For the discovery of these exoplanets, many teams have
used many techniques like radial velocity measurements, photometry (transits),
gravitational lensing, astrometry, imaging.



Chapter 2

Detection Methods

Compared to its parent star, any planet is an extremely faint light source, further-
more the light from the parent star causes a glare that makes impossible to see the
planet. For those reasons, fewer than 5% of the extrasolar planets known as of
2013 have been observed directly. Therefore, astronomers have generally had to
resort to indirect methods to detect extrasolar planets. At the present time, several
different indirect methods have yielded success.

2.1 Radial Velocity

A star with a planet orbiting, will move in its own small orbit in response to the
planet’s gravity. Because of this influence, there are variations in the speed with
which the star moves toward or away from the orbiting planet. The radial ve-
locity(RV) method can be measured from the displacement in the parent star’s
spectral lines due to the Doppler effect. So the frequency of the light decreases for
objects that were receding (redshift) and increases for objects that were approach-
ing (blueshift) as described by the Doppler’s law:

B (c+u*).
" (c+ ug)

f fo (2.1

where f observed frequency, c is the speed of light, u, the radial velocity compo-
nent of the star, ug the relative speed of the observer (Earth) and f; is the emitted
frequency. The radial velocity of a star can be measured accurately by taking
a high-resolution spectrum and comparing the measured wavelengths of known
spectral lines to wavelengths from laboratory measurements.

11
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Figure 2.1: The RV diagram of the 51 Peg b. The filled dots are present a full
period.

The radial-velocity method measures these variations in order to confirm the
presence of the planet. The radius of the star’s orbit around the center of mass is
so small(due to the greater mass) consequently the velocity of the star around the
system’s center of mass is much smaller than that of the planet. However, velocity
variations down to 0.5 m/s or even somewhat less can be detected with modern
spectrometers, (echelle spectrograph at the Keck telescopes). The RV method
proved to be the best method for planet hunting because it doesn’t depend on the
distance, but requires high signal-to-noise ratios to achieve high precision, and so
is generally only used for relatively nearby stars out to about 160 light-years from
Earth to find lower-mass planets. Even if nowday spectrographs can easily detect
Jupiter-mass planets orbiting 10 astronomical units away from the parent star, the
detection of those planets requires many years of observation. Another advantage
of the RV method, is that low-mass stars can be detected easier, due to the slower
rotation of the main-sequence low-mass stars and so gravitational force of planets
is bigger. Spectrum data set is then clearest. In the case of the more massive stars,
it is prooved to be easy for the detection when the star has left the main sequence,
as it slows down the star’s rotation. Systems with high inclination to the line
of sight of the observer produce smaller wobbles and so they are more difficult
to detect. There is also possibility of false signal especially in multi-planet and
multi-star systems. Some of these false signals can be eliminated by analyzing the
stability of the planetary system.

RV determinations provide estimates of the planetary mass (M), the eccen-
tricity (e) and the semi-major axis (a), they do not constrain the inclination (1) of
the orbital plane with respect to the observer, thus only lower limits to M, can
be determined. The transit method, on the other hand, provides information on
i, the ratio of the planetary to the stellar radius (R,/R;), and the duration of the
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transit (D). The radial-velocity method can be used to confirm findings made by
using the transit method. When both methods are used in combination, then the
planet’s true mass can be estimated. Although radial-velocity of the star only gives
a planet’s minimum mass, if the planet’s spectral lines can be distinguished from
the star’s spectral lines then the radial-velocity of the planet itself can be found
and this gives the inclination of the planet’s orbit and therefore the planet’s actual
mass can be determined.

2.2 Transits

The transit method, provides information on i, the ratio of the planetary to the
stellar radius (Rp /Rs ), and the duration of the transit (D). It is the second most
successful method for extrasolar planets detection. As a planet passes in front of
its parent star disk, the observed visual luminosity of the star drops by a small
amount. The amount the star dims depends on the relative sizes of the star and the
planet.

e 2 2.2)

As mentioned before, transit method determinates the planet radius, and in

combination with radial velocity measurements we can compute the real planetary
mass and therefore the density. Furthermore, during the transit, the starlight is
absorbed passing through the planets atmosphere and so by spectroscopic methods
we can figoure out the composition of the the planet atmosphere (Charbonneau D.
et al., 2002).
Modulation of the combined light of the system during secondary eclipse (the pass
of the planet behind the star) provides a direct detection of the planets emergent
spectrum focused on the infrared(IR) spectrum region, due to the planet’s radiation
peak are in the infrared (Deming D. et al., 2005).
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Figure 2.2: Transit and eclipse geometry for a transiting planet. During transit,
light from the star is transmitted through the planet’s atmospere. During eclipse,
the planet’s emitted spectrum is modulated by the eclipse, and is detected via that
modulation.

It is possible to explore the atmospheric composition of the planet by the dif-
ferent geometries of transit and secondary eclipse: transit spectroscopy investigate
the atmospheric condition between the day and night hemispheres of a tidally-
locked planet , whereas secondary eclipse measurements probe the emergent spec-
trum of the dayside (Knutson H. A. et al. 2008).
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Figure 2.3: Emitted spectrum of the exoplanet HD 209458b, from Spitzer eclipse
observations

During transit event one can measure the combined light of star and planet at
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Figure 2.4: Left: Transit light curve. Right Radial Velocity curve

a large range of orbital phases. Even in tidally locked planets, we can measure
the distribution of emergent intensity versus longitude on the planet. Also, the
techniques used for transiting systems can also be extended to non- transiting
systems, so it is valuable to consider a generalization of the transit tech- nique,
namely exoplanet characterization in combined light. Without a transit event, the
planet radius cannot be measured directly. Nevertheless, much can be learned, for
example from observing fluctuations in IR intensity that are phased to the planets
known radial velocity orbit (Harrington J. et al. 2006).

2.2.1 Transit Theory

As we said, in the transit event the planet passes in front of the host star and the
observer, then the star’s observed light dims very little because some amount of
the light is blocked by the planet that is much smaller than the star. Each light
curve (Ic) is like fingerprint, for different planetary system there is different light
curve. The light curve inform us about physical characteristics like period, radius
of the star-planet, inclination of the planet’s orbit etc. Fig. 2.4 shows the geometry
of the transit, the transit light curve and the radial velocity curve. Parameters we
can measure right away from a Ic are, the orbital period of the planet (P) because
transit is a periodic phenomenon, the depth of the light curve (AFlux) and also
the duration of the transit (D). In case we find interesting resultes and probably
a planet, following up with RV technique could measure the semi-major axis (@)
and planetary mass (M),) using the equation 2.3 (Charbonneau et al. 2006):

2G1/3Msin' 1
K:(”) p oI 2.3)

P M Nioe
where K is the amplitude of the RV curve, P is the period, M, and M, is the
mass of planet and the mass of the star respectively and e is the eccentricity of the

orbit. The first term of th Eq. 2.3 is function of the semi-major axis « (Kepler’s
37 law).
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Supposing we know the mass of the planet (M) and the semi-major axis of
the orbit (@) from radial velocity and the duration (D), the orbital period (P) and
the depth of the light curve AFlux from the transit, using Eq. 2.4 we can derive
the radius of the planet (R),) (Seager S., Mallen-Ornelas G. 2003) :

R, = R,- VAFlux (2.4)

and from Eq. 2.5 we can derive the period (P), function of duration (D), semi-
major axis (@), the inclination of the orbit (i), the radius of the planet and the
radius of the star, (R,) and (R,) respectively (Charbonneau D. et al. 2006):

R, R, > (acosi\
I+—] -
asini\/( R*) ( R, )

Continuing, the following basic transit equation is the limb-darkening law.
Knowing that the surface of a star does not irradiates homogeneously, as a result
the transiting planet does not cover the same amount light, from of the stellar
surface. This phenomenon is also known as limb-darkening of transits (Eq. 2.8).

The geometry and the inclination of the system star-planet is crucial for the
probability to observe the transit, which proves to be very small. Only if the
inclination of the planet’s orbit is high enough, we could detect the transit from the
Earth. The shortest orbital distance from their host star the bigger the probability.
For example, Hot Jupiters this probability is higher because the orbital distance
from their host star is smaller. The probability equation for Hot Jupiters detection

18
P, =0.238 (%) (%) (g), (2.6)

(Gilliland R. L. et al. 2000) where M, and R, are the stellar mass and radius
respectively in solar units and P is the period of the planet in days. For Eq. 2.6, we
assume circular orbits (Hot Jupiters mostly). For larger orbital distances (possible
eccentric) we are using a different equation (Seagroves S. et al. 2003)

P )
D = — arcsin
b4

; (2.5)

1AUR. 1+ ecos(n/2 — w)
a R, 1 —e?

P, = 0.0045 , 2.7)

where « is the semi-major axis, e is the eccentricity and w is the periastron of
the orbit.

Transit Modeling

Transit light curve data analysis include modeling of the light curve. As a transit
model we assume the theoretical light curve of the transit without any noise in our
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data. Mandel K. & Algol E. et. al. 2002 or P4l A. et. al. 2008 has work on this
field. Below are the basic equation for the Pal’s transit model .
We are using a quadratic limb darkening law:

I =1- > y,(1-V1=7)", 2.8)
m=1,2

where r is the normalized distance from the center of the star (0 < r < 1), ¥,
and 7y, are the limb darkening coefficient (or u; and u,) and the flux of the star is

f=1-Af, 2.9)
Af is defined as
Af = W,F, + WoF, + W [F + FxK(k) + FgE(k) + Frpll(n, k)], (2.10)
where
6—-6y;,—12
W, =2V 22 .11
6 -2y -7
6 12
W, = u, (2.12)
6-2y1 -7
62
Wy = ————— 2.13)
S (

The terms Fy, F, Fg, Fg, F and F, are only functions of the occultation
geometry and the functions K(k), E(k) and Il(n, k) denote the complete elliptic
integrals of the first, second and third kind respectively (k and n are constants).

K(k) = fz 4 (2.14)
0 1 —k2sin” 6
E(k) = f " V1 - 12 sin? 04, (2.15)
0
2 do
(. k) = f , (2.16)
0 (1-nsin®@)(V1 - k2sin’6)
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Transit-RV Advantages and Disadvantages

Radial velocity (RV) measurements and transit light curve (LC) analyses have
dominated the study of extrasolar planets so far. Both have advantages and disad-
vantages. While RV determinations provide estimates of the planetary mass (M),
the eccentricity (e) and the semi-major axis (a), they do not constrain the inclina-
tion (i) of the orbital plane with respect to the observer, thus only lower limits to
(M),) can be determined. The transit method, on the other hand, provides infor-
mation on i, the ratio of the planetary to the stellar radius (R, /R;) and the duration
of the transit (D). So far, only a combination of both strategies yields a full set of
orbital and physical arameters for extrasolar planets.
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2.3 Gravitational Microlensing

Another method of detecting exoplanets is Gravitational microlensing. This
method takes advantange of the gravitational lens effect. When there are ran-
dom alignments between background source stars and foreground stars which may
host planets, background source stars are acting as sources of light that are used
to probe the gravitational field of the foreground stars. The relative motion of the
source star and lens system allows the light rays from the source to sample diferent
paths through the gravitational field of the foreground system. If a there are plan-
ets around the lens stars they are changing total gravitational lens magnification
of the source star.

=
Planet

Source
star

Lens
(gravitational pull of the star)

Figure 2.5: Gravitational microlensing of an extrasolar planet

Strong gravitational lensing can be divided into three groups, depending on the
lensing object: (1)multiple-images by galaxies, (2)microlensing by stars and giant
arcs and (3)large-separation lenses by clusters of galaxies. If the lensing object is
a stellar-mass compact object, the image splitting is often too small to be resolved
by ground-based telescopes, thus we can only observe the magnification change
as a function of time. So, microlensing can be used to detect objects ranging from
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the mass of a planet to the mass of a star, regardless of the light they emit, allowing
us to study objects that emit little or no light.

OGLE 2005-BLG—-390
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Figure 2.6: Model light curve and data (colour-coded) from 6 different observing
sites for the microlensing event OGLE-2005-BLG-390, whose lens star hosts the
5-Earth-mass planet OGLE-2005-BLG-390Lb. The planet revealed its existence
by causing a blip of roughly 20% amplitude, lasting about a day, on and around
10 August 2005.
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2.4 Direct Imaging

The direct imaging of exoplanets is a method detecting exoplanets by obtaining
an image of them. This method could be usefull on massive planets where orbital
distances are much larger than the orbital distance of Neptune. By direct imaging
one can obtain luminosity, as well as detailed spectroscopic information. Spec-
troscopic information can reveal the planets atmospheric chemical compositions.
The big disadvantage is that planets are extremely faint light sources compared to
stars and the light comes from them could be lost in the glare of their parent star.
So in general, it is very difficult to detect and resolve them directly from their host
star.

Figure 2.7: HR8799 direct imaging planet detections Credit: Marois et al (2010)

2.5 Timing variations

Timing variations on durations of periodic phenomena could be indication of an
orbiting planet causing these perturbations on stars or other planets hosting them.

2.5.1 Pulsar Timing

A pulsar is a state of star, compact and highly magnetized, neutron star rotating
very fast that emits a beam of electromagnetic radiation. Electromagnetic radia-
tion can only be visible when the beam of emission is pointing toward the Earth,
like a lighthouse that only be visible when the light is pointed in the direction of
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the observer, and periodicity of rotation is responsible for the pulsed appearance
of emission. The intrinsic rotation of a pulsar is so precise that slight perturba-
tions in the timing of its observed radio pulses can be used to track the pulsar’s
motion. In case of orbiting planet, pulsar will move in its own small orbit. Calcu-
lations based on pulse-timing observations can reveal the parameters of that orbit.
This method is capable of detecting planets far smaller than any other method can,
down to less than a tenth the mass of Earth and also detect mutual gravitational
perturbations between the various members of a planetary system revealing fur-
ther information about those planets and their orbital parameters. This method has
two main drawbacks: very special circumstances are required for a pulsar planet
to form and pulsars are relatively rare. So, this isn’t a disired method, because it
is unlikely that a large number of planets will be found this way. Also, due to the
extreme high-energy radiation near pulsars, life as we know it could not survive
on planets orbiting them. Aleksander Wolszczan and Dale Frail (1992) used this
method to discover planets around the pulsar PSR 1257+12. This was the first
planet outside our Solar System confirmed.

2.5.2 Transit Timing Variations

Another method for detecting exoplanets is the method of Transit Timing Varia-
tions (TTV). The method is based on how early or late each transit occurs. TTV
considered extremely sensitive method capable of detecting additional planets in
the system with very small masses. Unidentified planets in the system affect with
their gravity the motion of the other bodies on the system, resulting irregularities
in their orbital period. For example, calculations and observed data difference
of the planet Uranus orbit, resulted to discover planet Neptune in 1846 precisely
where supposed to be.

Using the technologically advanced telescopes data(CoRoT, KEPLER), nowaday
available, it is easy to confirm the existence of an extra component in a planetary
system. Consider we have many accurately timed planetary transits, producing
the O-C (observed-calculated) diagram and if there are more than two compo-
nents in the system the middle epoch of every transit will move around forming a
sinusoidal curve.

Using Kepler data, non-transiting planet Kepler-9d was discovered with transit-
timing variations method. The transiting planet Kepler-19b shown transit-timing
variation with an amplitude of 5 minutes and a period of about 300 days, indicat-
ing the presence of a second planet.
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Figure 2.8: Left:he folded light curve of KOI 84, after fitting a model to the
light curve[up], residuals[botom]. Right:The difference between the predicted
and actual times of transit for Kepler-19b. Sometimes, the planet transits 5 min-
utes earlier than expected and sometimes 5 minutes later. Ballard et al. argue that
these transit timing variations are caused by the gravitational influence of a second
planet. (fig from the paper)

2.6 Achievements

Many planets have been found in the Milky Way by the transit method so far.
Hundreds of thousands of stars are monitored, resulting to discover thousands of
planet candidates, whose RV follow-up will take many years (and may never be
completed for the faintest candidates). Without RV follow-up, the most funda-
mental parameter of an extrasolar planet, its mass, remains undetermined. The
mass is the crucial parameter classifying an object as a planet, brown dwarf or a
star. High-accuracy photometry has already been used for a number of systems
to show that the planetary thermal emission, as well as the reflection of the stellar
light from the planet, are detectable. There were many space and ground survey
missions, hunting for exoplanets(Kepler, CoRoT, Qatar) with success, monitoring
huge amount of stars in the Milky Way.

Space telescopes CoRoT launched in 2006 (Deleuil et al. 1997) and Kepler
launched in 2009 (Borucki et al. 1997), have overcome the atmosphere restrictions
thus implement many statistical studies in exoplanets resulting finding many more
planets and understanding better the exoplanet characteristics. With the progress
of technology and the evolution of telescopes, new space telescope missions have
gotten approval PLATO, TESS, EChO(waiting) (Tinetti G. et al. 2012) and James
Web observatory(replacing Hubble) would make statistical studies better.
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Chapter 3

Discovery probability of
extragalactic planets via transit
method

Figure 3.1: Artist’s impression of HIP 13044b, the first discovered planet of ex-
tragalactic origin.

In this section we estimate the possibility to find an exoplanet with extragalctic
origin, regarding today’s telescope capabilities and the instrumentation provided
in general, in order to figure out if we can detect a planet with extragalactic origin.
Such a discovery would increase our knowledge for exoplanets and would be a
step further for our existential questions.

25
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3.1 Introduction

Many planets have been found in the Milky Way by the transit method so
far. There were many space and ground survey missions, hunting for exoplan-
ets(Kepler, CoRoT, Qatar) with success, monitoring huge amount of stars in the
Milky Way. Space telescopes Kepler (Borucki W. et al. 1997), CoRoT (Deleuil et

Figure 3.2: Kepler telescope

al. 1997), have overcome the atmosphere restrictions thus implement many statis-
tical studies in exoplanets resulting finding many more planets and understanding
better the exoplanet characteristics. With the progress of technology and the evo-
lution of telescopes, new space telescopes PLATO, TESS' would make statistical
studies better.

In this diploma we use the statistics already aplyied in the our galaxy. Baltz E.
A. & Gondolo P. 1999 make reference to extragalctic planets, looking for grav-
itational microlensing events of unresolved stars. Furthermore Setiawan J. et al.
2010 made reference for detection of an extragalactic planet, but eventually Jones
M. I. & Jenkins J. S. 2014, showed that there isn’t any planet near HIP13044 star,
which has been connected to the Helmi stream (Helmi A. et al. 1999), a group of
stars that share similar orbital parameters that stand apart from those of the bulk
of other stars in the solar neighborhood.

'http://tess.gsfc.nasa.gov/
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3.2 Observational data analysis

In order to estimate the probability to discover an extragalactic planet, we make
use of the 2.5m Isaac Newton of Telescope (INT) public data archive and the
Cambridge Astronomical Survey Unit®>. The target was Ursa Minor Dwarf ellipti-
cal galaxy (RA=15:08:24, Dec=+67:25:00) 60 + 10 kpc (Gilliland R. et al. 2000)
away, with apparent magnitude 11.9 (NASA/IPAC Extragalactic Database). The
Ursa Minor dSph galaxy was observed with the INT WFC on 2000 July 6 through
the 214 (~ R) and 220 (~ G) Sloan photometric filters, and the exposure time was
600 seconds. The WFC aperture was centered on the target position. One fast
readout observation were obtained in each filter (table 3.1). The Wide Field Cam-
era (WFC) is an optical mosaic camera for use at the prime focus of the 2.5m Isaac
Newton Telescope (INT). The WFC consists of 4 thinned EEV 2kx4k CCDs. The
CCDs have a pixel size of 13.5 microns corresponding to 0.33 arcsec/pixel. The
edge to edge limit of the mosaic, neglecting the (~ 1) arcmin inter-chip spacing,
is 34.2 arcmins. The cycle time for the whole mosaic is around 42 seconds. A
maximum of 6 filters could be installed in the wheel. Both broadband and Strom-
gren filter sets are available, as well as a range of narrowband filters. Operating
temperature is -153K. In table 3.2 and fig. 3.3 we see Quantum Efficiency of each
CCD and EEV4280 (detector) respectively.

CCD Noise (e) Noise (ADU) Gain (¢/ADU) Bias

1 9 3.6 2.5 1830
2 9.5 2.8 3.4 1810
3 7.7 3.2 24 1835
4 9.1 2.8 3.25 1810

Table 3.1: WFC-CCDs Operational Characteristics-FAST readout 29 seconds

Wavelength 380nm 400nm 650nm 950nm

CCD1 67 80 75 13
CCD2 72 87 79 15
CCD3 62 80 80 14
CCD4 61 78 86 16

Table 3.2: Quantum Efficiency (-120C)

ZWWW.casu.ast.cam.ac.uk
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Figure 3.3: Full QE curve for EEV4280 in tabulated measured at ATC March 99

These INT observations indicate that Ursa Minor has had a very simple star
formation history consisting mainly of a single major burst of star formation about
14 Gyr ago which lasted < 2 Gyr, and clearly show that most of the stars in the
central region of the galaxy are ancient, probably as old as the Milky Way (Mighell
K. J. & Burke Ch. J. 1999).
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Figure 3.4: Negative mosaic image of the WFS09 data set, Ursa Minor Dwarf
spheroidal galaxy field
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For the photometry and the astrometry we used Starlink/Extractor software
(Draper P. W. et al. 2014). Extractor is a program for automatically detecting
objects on an astronomical image and building a catalogue of their properties. It
is particularly suited for the reduction of large scale galaxy-survey data, but also
performs well on other astronomical images.

GaiaCatalog0.ASC (1)

File  Edit  Options  DataServers Help

ics  Go  Image-Analysis  DataServers  Interop

Search Options Object: Ursa Minor (file:green.fit[2])

Obiject Name: Equinox: 12000 x: [1361.0 Y: [3521.0 Value: 931.036
- o fmmes o [15:67:35.520 5: [67:00:07.03 Equinox: 12000
Min Radius: Max Radius: [12.6293 Min |[756.7 | max: 78049100048 | Auto Cut: | —
Low: [809.885 High: [1176.97 Color Map: —
Max Objects: Select Area... ‘ Set From Image ‘
Scale:  1/5x  — Zﬂ = Hm Color Scale: =

Search Results (6654)
JNUMBER X _WORLD ¥_WORLD X IMAGE Y IMAGE

il 15:10:38.465 +66 .77 1365.376 281.962 | |
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3 15:18:51.703 +67:00:00.43 1332.046 46.044
la 15:10:51.795 +66:59:52.00 1357.582 43.661
s 15:10:51.662 +66:50:46.71 1373.675 45.578
6 15:10:54.360 +67:04:45.01 460.885  22.007
7 15:10:54.633 +67:06:09.57 214.358 23.871
8 15:10:54.277 +67:04:36.99 494.154 23.019
9 15:10:55.150 +67:05:27.62 340.846 11.430

16 15:18:53.705 +66:59:06.62 1494.696 5.445
11 15:10:55.747 +67:06:37.47 129.661 6.155
12 15:10:53.971 +67:00:02.44 1325.238 5.617
EL3 15:10:53.320 +66:57:48.47 1732.239 5.273
14 15:10:54.087 +67:00:41.92 1205.526 6.969
15 15:10:54.585 +67:02:02.74 960.556 4.957
16 15:10:55.229 +67:04:31.47 510.487 5.620
17 15:10:55.425 +67:84:33.27 564.989  2.267
18 15:10:55.232 +67:06:30.53 150.838 14.801
19 15:18:55.274 +67:05:00.75 421.991 7.114
20 15:10:55.216 +67:03:53.12 626.414 2.781
21 15:10:53.858 +66:59:20.37 1452.934 3.917
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Figure 3.5: Performing GAIA: Starlink/Extractor software

In transit light curve analysis we use the measured flux of the stars to draw
conclusions. Thus, we use the magnitude to flux relation is given as follows (eq.
3.1):

my —myp = —2.5-1logl0(L,/Ly) 3.1)

where m;, 1i=1,2 is the stellar magnitude and L;, i=1,2 is the luminosity, for stars 1
and 2.

In order to normalize our results of photometry to the real magnitude system
in both filters, we fit the UCAC4 catalogue (Zacharias N. et al. 2012). Also, we
keep in mind that each CCD has different QE in each filter (table 3.2).

Figure 3.6 shows an example of ADU-to-Magnitude cross correlation curves for
red and green band.
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Figure 3.6: ADUs-to-magnitude plots for red (red solid line) and green (green
solid line) Sloan Photometric filters respectively.

HertzsprungRussell(HR) diagram is a 2D plot where stars of greater luminos-
ity are toward the top of the diagram, and stars with higher surface temperature
are toward the left side of the diagram.

The original HR diagram display the absolute visual magnitude on the vertical

axis and the spectral type of stars on the horizontal axis.
Observational astronomers use color-magnitude diagram (CMD), which is a HR
diagram where spectral type is replaced by a color index (eg.B-V) of the stars.
CMD is a valuable diagram in cases demanding to find foreground and backround
stars, due to the correlation between distance and extinction. A color-magnitude
diagramm(CMD) help us to distinguish the stars belonging to Ursa Minor dSph
galaxy to those of the Milky Way (foreground and background stars).

Figure 3.7 shows the photometric results as a color-mag diagramm. We can
also distinguish the stars belong to Ursa Minor galaxy to those of the Milky Way
by the two giant branch from which one belongs to Milky Way (blue) and the
other to Ursa Minor galaxy (red).

As we expect, Ursa Minor stars suffer by more absorption due to greater distance.
In the distance of 60kpc the magnitude range of main sequence magnitudes (FO-
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Figure 3.7: Color-Magnitude diagramm of Ursa Minot galaxy. The left giand
branch belongs to Ursa Minor and the right one to Milky Way.

K8) is 21.89 to 26.89, but we are not able to observe fainter stars than 24 with
INT. Thus our range true magnitude range is 21.9 to 24.0 (FO-G5 spectra type
stars). In this range we have add the absorbtion of Ay = 0.09 (Mighell K. J. &
Burke Ch. J. 1999).

The total photometric Catalogue from INT’s data contains 30,332 stars which
5969 belongs, statistical, to Ursa Minor Galaxy. Appling the magnitude range
(FO-GS5 type stars) in the photometric catalogue, we find that there are 2034 stars
in that spectral type range.

3.3 Probability and Statistics

In this section we calculate the probability and apply statistics in our sample.

In order to measure the probability of the existence of a planet harbour a star we
refer to Howard A. W. et al. 2012, that shows us the distribution of hot Jupiters
with period up to 50 days is 0.013 per star.
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After that, we must calculate geometrical transit possibility to actualy locate this
planet, which depending on the relative position star-planet system.

As we know, planetary transits are only observable for planets whose orbits hap-
pen to be perfectly aligned (small inclination) from the astronomers’ vantage
point. The probability of a planetary orbital plane being directly on the line-of-
sight to a star is the ratio of the diameter of the star to the diameter of the orbit.
About 10% of planets with small orbits have such alignment, and the fraction
decreases for planets with larger orbits.

GEOMETRY FOR TRANSIT PROBABILITY
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Figure 3.8: Geometry for transit probability

The geometrical transit probability is given by eq. 3.2
Pgeo =0.238 - M_l/3 -R- P—2/3 (32)

where M and R are the host star mass and radius in solar masses and solar radii
respectively. P is the period of the planet in days. Applying Howard A. W. et
al. 2012 results in our sample we find 26 candidate stars with the probability to
host a hot Jupiter. In order to calculate the transit probability we are using Monte
Carlo simulations and eq.3.2. After 1000 integrations we find that the probability
to discover at least one transit in INT sample is 58% + 4%. Figoure 3.9 shows the
probability distribution (58%) and the error (4%), corresponding to 1o of it.
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Figure 3.9: Probability distribution.

3.4 Gaussian noise(white)

Gaussian noise is statistical noise having a probability density function (PDF)
equal to that of the normal distribution, which is also known as the Gaussian
distribution. In other words, the values that the noise can take on are Gaussian-
distributed.

The probability density function p of a Gaussian random variable z is given by
eq.3.3:

pc(2) = \/2_6_ 27 (3.3)

where z represents the grey level, u the mean value and o the standard devia-
tion.
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3.5 Noise properties

Using the exposure calculator for the INT telescope *, S/N - Magnitude data fitting
resulted in eq. 3.4
S/N — 109.5122—0.35-mag (34)

where S/N is the signal-to-noise ratio for INT. Fig. 3.10 we can see the graph
of S/N-Mag for the INT.
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Figure 3.10: S/N- magnitude diagramm of INT

According to equation 3.4, we made simulated transit light curves, according
P4l 2008 transiting model. For our simulations we assume hot Jupiter with mass
M, = 1M,, radius R, = 1R, and random period range 1 to 50 days, according to
period distribution for hot Jupiter. The magnitude range for the UMi Dwarf galaxy
is 21.0-24.0 (FO - G5 type stars). Fig. 3.11 shows two sample phase folded light
curves with magnitudes 21.0 and 24.0 respectively , periods for 1 and 50 days and
spectral types G5 and FO, which is our best and worse scenario. The integration
time for both is 1000 seconds.

3http://catserver.ing.iac.es/signal
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Figure 3.11: Simulated light curve for INT S/N calculator. Spectral type G5 and
FO, period 1 to 25 days, magnitude 21.0(top) to 24.0(bottom) respectively. Expo-

sure time 1000 secs.
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After that, we make use the exposure calculator for the James Webb Space
Telescope (JWT) 4, in order to figure out if we can use the JWT? to confirm an
event by radial velocity method also. For a FO-G5 22 mag star the resulted S/N is
85.9 and the RMS is 1.16m/sec. Respectively, for a FO-G5 24 mag star the resulted
S/N is 28.3 and the RMS is 3.5m/sec. Considering that a typical hot Jupiter host
star has 50 to 100 m/sec radial velocity range, we conclude that we are capable of
an radial velocity follow up of an event using the JWT.

Fig. 3.13 shows two sample radial velocity curves 50m/sec peak, with magni-
tudes 21.0 (S/N 85.9620, RMS 1.16m/sec) and 24.0 (S/N 28.26, RMS 3.5m/sec)
respectively (FO-GS).

“http://jwstetc.stsci.edu/etc/
>http://jwst.nasa.gov/index.html
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Figure 3.12: Simulated radial velocity curve for a FO-G5 22 mag star, S/N 85.9620
and RMS 1.16m/sec
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Figure 3.13: Simulated radial velocity curve for a FO-G5 24 mag star, S/N 28.26
and RMS 3.5m/sec
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3.6 Results

We present a statistical analysis about existence of transiting extragalactic planets
in Ursa Minor Dwarf spheroidal galaxy. We find that the probability to discover
at least one transit in INT sample is 58% + 4%. We consider this probability
is the minimum of our magnitude range, assuming a bigger telescope gives out
much bigger possibility. Considering JWT will be launched in the near future RV
follow up won’t be a problem at all. So, we conclude that the possibility of finding
a transit event like this is efficient nowdays.
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4.1 Habitable zone

Circumstellar habitable zone (CHZ), or habitable zone (HZ), is the region around a
star within which planetary-mass objects with sufficient atmospheric pressure can
support liquid water at their surfaces. The shape of the HZ is calculated by the use
of planets position in the orbiting star, the amount of the radiant energy it receiver
from it, and the known requirements of life on Earth’s biosphere. The dominant
element, searching for extraterrestrial life and intelligence, is the investigation for
liquid water.

HZ concept was presented in 1953. From then on many planets have been
discovered in the HZ, the majority of them are more massive than Earth, because
such planets are easier to detect. Statistical studies excluded from Kepler space
mission data imply than there could be as many as 40 billion earth-sized planets
orbiting in the habitable zones of sun-like stars and red dwarf stars within the
Milky Way. 25% of them may orbit sun-like stars. Furthermore, there are many
studies to the emerging field of natural satellite habitability (Kipping D. M. et al.
2012), because planetary-mass moons in the CHZ might outnumber planets.

A visualization of the habitable zone is shown below fig.4.1. The red region
is too warm, the blue region too cool, and the green region is just right for liquid
water.

Sunlike Stars

Cooler Stars

Figure 4.1: Schematic of habitable zone of different planets

In the following years, discovery of evidences of substantial quantities of ex-
traterrestrial life, believed to occur outside the HZ. The necessary components of
water-dependent life, may be found even in interstellar space on rogue planets
or their moons, support by other energy sources, such as radioactive decay, tidal
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heating or pressurized by other non-atmospheric means.

4.2 Introduction

Astrobiology flourishes with the help of transiting extrasolar planets data. Those
targets advantage is that they offer direct measurements of the atmospheric com-
position of potentially inhabited worlds with spectrum analysis assist. The recent
detections of the transiting Kepler-22b (Borucki W. et al. 2012), as well as ob-
servations of the rest, approximately 40 habitable candidates from Kepler, have
shown that todays technology is mature for the exploration of terrestrial planets
and their habitability.

There are many studies about the Stellar Habitable Zone (SHZ) and the Galac-

tic Habitable Zone (GHZ) since the first exoplanet. The SHZ is more easy to use,
because the definition the habitable zone (water in liquid form).
Selsis F. et al. 2007 gave a more sofisticate model of the SHZ. The GHZ, on the
other, is much more difficult to define. Today there are some studies about GHZ
such as Gonzalez G., Brownlee D. 2001, Lineweaver C. et al. (2004), Prantzos N.
et al. 2006 & Gowanlock M. et al. 2011. All these models is a theoretical approx-
imation to the problem. Gonzalez G. & Brownlee D. 2001, Lineweaver C. et al.
2004, for example suggest that the GHZ shape is a ring around the galactic center
(simillar to the SHZ), and habitable planets, can not formed or survive outside of
the zone. Prantzos N. et al. 2006 suggests that the hole Galaxy could be a giant
habitable zone, and habitable planets could be anywhere. Our approximation to
the problem differs from all the above studies. We are using a synthetic model of
the Milky Way (Besancon - Robin A. et al. 2003), in order to simulate 200 billion
stars and then to measure the possible habitable planets. Also, we include to our
model the Kepler statistical results.

4.3 Kepler Statistics

The period distribution for small planets is extremely important but unknown for
many years. In order to extract the most reliable one, we are using the results
from Kepler candidates excluding all hot Jupiters. The radius threshold we use is
2Ry < Rp < 8Rg.

The period distribution of the small Keplers candidates, suffers by the geomet-
rical probability trend. The geometrical probability is given by Seagroves S. et al.
2003

ngeo =0.238 - M_l/3 -R- p—2/3 (4.1)
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where M and R are the host star mass and radius in solar masses and solar radii
respectively. P is the period of the planet in days.

After we remove the geometrical probability (Seagroves S. et al 2003) from
Kepler candidates, we find the best Gauss fit for the upper & lower error level
(Fig. 4.2).
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Figure 4.2: Period distribution and upper - lower error limit (Kepler candidates).

It is true that we do not know how the period distribution continues after P=1.3
years, and we need more data.

4.4 Besancon Galactic model

In order to simulate the stellar components of the galaxy, we made an extensive
use of the Besancon model of the Milky Way (Robin A. et al. 2003), which returns
the atmospheric parameters and the distances of simulated stars towards a given
line of sight.

This model assumes a galaxy composed by a multiple-ages thin disc, and sin-
gle ages thick disc, halo and bulge. Since we are only interested in the intrinsic
properties of the stars (galactocentric distances, Teff, logg, [Fe/H]) and not on the
observed quantities (magnitudes, radial velocities), the query did not include any
extinction, nor limit in the apparent stellar magnitudes.

We took advantage of the symmetries of the model to request only simulations
for a quarter of a sphere, and interpolate from this query to the total galaxy. Hence,
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our modelled Milky Way has been obtained from the results for 1=[0,180] and
b=[0,90], which have been normalized to the total Galaxy. In total, our mock
Galaxy contains 2 X 10!! stars.

4.5 Galactic Habitable Zone (GHZ)

In this study, we do not represent the Galactic Habitable Zone (GHZ), but we
are using the results from other studies about GHZ (Gonzalez & Brownlee 2001,
Lineweaver et al. 2004, Prantzos et al. 2008, Gowanlock et al. 2011). First
we need the stellar characteristics such as spectral type, age, galactic position,
luminosity and stellar distribution. As we discribe above, we extract all these
values from the Besanc on model (Robin et al. 2003). According to Gowanlock et
al. (2011), type Ia SNe (SNI) and type II SNe (SNII) could affect the habitability
of a planet. The affecting distance is given by eq.4.2:

dsy = 8 V10-0-4(Mqps+17.505) 4.2)

where ds 1s the affecting SN sphere radius in pc (Gehrels et al. 2003, Gowan-
lock et al. 2011) and M, is the stellar absolute magnitude. As a SNI and SNII
possible sources we assume all the main sequence stars with masses M, > 8M,
and the 1% of white dwarfs respectively (Gowanlock et al. 2011). In our model,
the minimum stellar age for Ozone reconstruction & complex life time, were set
to 4.25 Gyr according to Lineweaver et al. (2004), Prantzos et al. (2008) &
Gowanlock et al. (2011).

4.6 Stellar Habitable Zone (SHZ)

We are using the Stellar Habitable Zone (SHZ) definition by Selsis F. et al. 2007.
Assuming that the habitable planet is covered 50% by clouds (CO2 and H2 O),
the equation for the limits of the habitable zone are given by eq.4.3:

L 0.5
din,out = (Cin,out - ain,outTD - bin,outTé) (_*) (43)

Lo
where ¢y o = 0.895 and 1.25, djp o = 2.7619 - 107 and 1.3786 - 107, and

Binow = 3.8095 - 107 and 1.4286 - 10~°, for the inner and outer habitable zone
limits respectively. Also, L. is the stellar luminosity and 7p = Ty — To.
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4.7 Simulations

Monte Carlo simulations shows, that a SN threat probability increases dramati-
cally for the inner part of the Milky Way. Thus, we agree with Gowanlock M.
et al. 2011 and Prantzos N. et al. 2008, about the shape of the Galactic Habit-
able Zone (GHZ). Our simulations have shown, that a habitable planet can not be
formed and survive everywhere in the Galaxy. In contrast, Gonzalez G. & Brown-
lee D. 2001, Lineweaver C. et al. 2004 suggested a ring-shape of the GHZ, but we
have no evidence to support this theory.

Using the stellar main sequence and white dwarf stars distribution by the Besan-
con model, we calculate the SN contribution for the formation of the habitable
planets. 1% of white dwarfs becomes SNIa and affect the planet habitabillity in a
certain distance (Figure 4.3) (Gowanlock M. et al. 2011).

Fig.4.3 shows the surviving main sequence stars (distribution) from SN threats
versus the galactic distance.
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Figure 4.3: The SN surviving main sequence stars distribution versus the galactic
distance (Besancon model)

The SN threats for habitable planets also have taken from Besancon model.
Monte Carlo simulations shows, that a SN threat probability increases dramati-
cally for the inner part of the Milky way, which agrees with Lineweaver C. et al.
2004 & Gowanlock M. et al. 2011, but SN threat density is not high enough to
eliminate all the habitable planets.

We are using the assumption that there is at least one small planet per star
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(Batalha N. M. et al. 2012). As a result, in our analysis we found a total 1.4
billion habitable planets (Monte Carlo simulations) in the Milky Way.

Figure 4.4 shows the limits of GHZ and the habitable planets candidates and
figure 4.5 shows the total number of habitable planets and their density as a func-
tion of Galactic distance.
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Figure 4.4: The GHZ limits and the habitable planet candidates.
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Figure 4.5: The final number of habitable planets (red bars), density (black bars).

4.8 Results

Our results indicate that there are 1.4 billion habitable planets in the Milky Way,
which is 0,75% of the total star population, assuming 200 billion stars. The stel-
lar distribution, stellar ages, spectral types, metallicities and distances were taken
from the Besancon synthetic model. This number matches very well with Kepler
results (42 candidates in the habitable zone until now versus 78 transiting habit-
able planets from our simulation).
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Conclusions

In the first section of this Diploma, we present a statistical analysis about existence
of transiting extragalactic planets in Ursa Minor Dwarf spheroidal galaxy. We find
that the probability to discover at least one transit in INT sample is 58% + 4%.
We consider this probability is the minimum of our magnitude range, assuming
a bigger telescope gives out much bigger possibility. Considering JWT will be
launched in the near future, RV follow up won’t be a problem at all. So, we
conclude that the possibility of finding a transit event like this is efficient nowdays.
In the second section of this Diploma we apply a statistical analysis of the
Milky Way exoplanets using the Becanson galactic synthetic model to simulate
the galactic and stellar habitable zones in order to calculate habitable planets. The
stellar distribution, stellar ages, spectral types, metallicities and distances were
taken from the Besancon synthetic model. To assess habitability on our Galaxy,
we model supernova rates, planet formation and habitability on non-tidally locked
planets. Our results indicate that there are 1.4 billion habitable planets in the Milky
Way, which is 0,75% of the total star population, assuming 200 billion stars.
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