" Change of paradigm during th.e'ZQth century
- From one to billions of planetary systems "

Michel Mavyor
Université de Genéve




being di
...living species, plants.and all the other visible
things could exist in some worlds and could not

IN others. ‘\»
e

But also: Leucippus -510 -420 ; Democritus -460 -350
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Ponad 2400 lat temu greccy filozofowie wyrazili idee nieskoriczonej liczby swiatow
we wszechswiecie. W tym samym pismie z IV wieku p.n.e., Epikur wyrazit nawet
poglad, ze niektére z tych Swiatow (a nie inne!) muszg by¢ zaludnione przez zywe
istoty.



~ Circa 1200 1280 Salnt Albert the Great -
- «Do there exist many worlds, or is there but a smgle world'? ,
" This is one of the most noble and exalted questlons 1n the study

o of Nature Bl | | - " '

. 1277 Etlenne Templer . s
- (Bishop of Paris, with the agreement of Jean XXI) L .
 Asked that the questlon of the plurahty of vvorlds be teaehed at the,_ |
"Sorbgnne e - - . -
,' | ;1600+ Glordano Bruno L« De I |nf|n|to un|verso e I\/Iund| gt

| . 1755 Emmanuel Kant « Unlversal Natural H|story and Theory
- of Heaven f s . -

' 1756 | 'Pierre-'Simon Laplace« Exposé du systéme du monde »



Wbrew powszechnie przyjetym poglgdom, idea wielosci
sSwiatow byta w ostatnich dwoch tysigcleciach stale
dyskutowana, zwtaszcza w krajach chrzescijanskich.

W szczegblnosci rozwaz prosbe do papieza o nauczanie
hipotezy o wielosci Swiatow na Sorbonie w XlII wieku.
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Atlas Doppelmayr 1742



W Slad za ideami Giordano Bruno (koniec XVI wieku) w dziedzinie sztuki
pojawita sie idea istnienia uktadow planetarnych zwigzanych z licznymi
gwiazdami (tu atlas Dopplmayra 1742)
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e The Milky Way .... our Galaxy.
e 200 billions stars .How many Earth-Twins ?
e Light need 100'000 years from one side to the other.




How many planetary systems
in the Milky Way? T T
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Log (number of planetary systems) =

Estimated number of planetary systems
Ial the I\/Illky Way ‘

Tidal interaction during a close stellar encounter . ‘—’,‘Di,sk as a result.of the stellar formation -
(probablllty close to.zero) ' e , < i n
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Observatory (1952) 72,199

PROPOSAL FOR A PROJECT OF HIGH-PRECISION STELLAR
RADIAL VELOCITY WORK

By Otto Struve

"I have suggested elsewhere that the lack of rapid axial
rotation of normal solar-type stars ... suggests that these stars
have converted their angular momentum from axial rotation to
angular momentum from the orbital motion of the planets.
Therefore there can be many planet-like objects in the galaxy.

"Zasugerowatem w innym miejscu, ze brak szybkiej rotacji
osiowe] normalnych gwiazd typu stonecznego ... sugeruje,
ze gwiazdy te przeksztatcity swoj moment pedu z rotac;i
osiowe] ha moment pedu z ruchu orbitalnego planet. Dlatego
w galaktyce moze znajdowac sie wiele obiektow
planetopodobnych. "
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Galaktyka spiralna podobna do naszej: zauwaz rozowe mgtawice wzdtuz
ramion spiralnych: miejsca powstawania gwiazd ORAZ uktadow
planetarnych.



.Glant molecular cloudS' e
| Sltes for the stellar formahon and planetary stems




Trowjofanemry Disks Observed with the HST (1995)
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.4 Protoplanetary Disks HST - WFPC2
: Orion Nebula
% T _4 PRC95-45b - ST Scl OPO - November 20, 1995
.. =" M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA
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How to detect planets around stars?
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Indirect detection by measuring the Doppler Shift due to
Stellar Wobble.

Proposed by:
Belorizki,D. 1938 and Struve,O. 1952

Doppler Shift due to .
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Discovery of a first planet (51 Pegasi b)
hosted by a star similar to our Sun  (Mayor & Queloz , Nature 1995)

Mp| —_ 05 MJup
P =4.2days ...
a = 0.04 UA

Today : more then 5000
exoplanets have been
discovered and characterized.




HD10180: A planetary system with more than 7 planets

P, =49.7 days

e1 = O 64 = 006

m, sini=1.5M,

P, =5.76 days

m, sini=24.8 M

Ps; = 122.7 days

62 = 007 65 = 013

m, sini=13.2 M

P; =16.4 days

mg sini =23.4 M

Ps = 595 days

6320.16 6620.0
mg sini =22 M,

m3 sini=11.8 M

Lovis et al. 2010
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Oto przyktad uktadu wieloplanetarnego (7 planet), ktory wykrylismy w Chile
(ESO) dzieki wykryciu zmian predkosci gwiazdy.
Zmiennos$¢ wywotana przez 7 planet na orbicie wokot tej gwiazdy.

(spektroskopia DOPPLER)



9 and 16th Sept 1999: A first planetary transit
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HOT JUPITERS are gaseous giant planets : density = 0.3 g/ cm™*3



Czasami planeta pozastoneczna (lub kilka!)

przechodzi miedzy gwiazdg a naszym teleskopem |
powoduje niewielki spadek jasnosci gwiazdy. Technika ta,
znana jako tranzyty planetarne, doprowadzita do odkrycia
tysiecy uktadow planetarnych (z ziemi lub za pomoca
satelitow: CoRoT, Kepler, TESS, CHEOPS).

Obraz przedstawia pierwszy tranzyt wykryty we wrzesniu
1999 roku.



The harvest from the KEPLER space mission

« One: 1425
» Two: 490

e Three: 252

Four: 108
Five: 40

® Six: 6
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Batalha et al. 2013



Four 8-meter Unit Telesgopes
Very Large|Telescor

-Premsmn
10 cm/s

Towards characterization of --i
Earth-type planets







Towards a new « Ccyoemician

revolution »

Is Ltfe a <« CoSmic imjoemu’ve s 7






Exoplanets atmospheres, with the ultimate

goal of detecting bio-signatures n——
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Largest optical/infrared telescope in the world
>39-m segmented primary mirror
>fully AO assisted telescope

g
Multi-Object Fiber

Spectroscopic g, 'i'ele;co -
pio
J;etlzl Coh‘?:a o] M'gunlz.zl: sﬁ:\?v:u
(2009) La Palma,

Canary Islands, (1993/1996)

Spain (2007)
Hooker 3
(100") Hale (200"
Mt Wilson, Mt Palomar,
California Califomia
(1917) (1948) 2

Gemini North Subaru - v
Mauna Kea, Telescope Thirty Meter Telescope

Hawalii (1999) Mauna Kea, Mauna Kea, Hawaii (planned 2022)
Hobby-Eberly Southern African Hawaii (1999)
Telescope Large Telescope ) » 3 i
(1979-1998) (1999-) Davis Sutherland,

Multi Mirror Telescope Mountains, South Africa
Mount Hopkins, Arizona Texas (1996) (2005)

Gemini South
Cerro Pachén,
Chile (2000)
BTA-6 (Large
Altazimuth Telescope)
Zelenchukskg. Russla
( )

Large Binocular Telescope
Mount Graham,

Arizona (2005) Large éimoptk

4 . \ Survey Telescope
Large Zenith Telescope El Perion, Chile
British Columbia, Canada (planned 2020)
2003, -

Gaia Kepler
Earth-! Sun L2 point Earth-trailing >
(2014) solar orbit - | - "
(2009) | European Extremely

Hurgn
Large Telescope at th

e - Cerro Armazones, _
° Very Large Telescope . Chile (planned 2022) same scalg
Ceno Paranal, Chile {
Hubble Space (1998-2000) | - ) 5 10m

James Webb Telescope

4 4 10 20 30 ft
Space Telescope Low Ear(h v 10 e s
Earth-Sun L2 point
(planned 2018) (1990) 3 p

Magellan Telescopes  Giant Magellan Telescope

+
= Las Campanas, Las Campanas Observatory, +
= Chile (2000/2002) Chile (planned 2020) +
Overwhelmingly La(?e Telescope O
H ] (cancelle
Tennis court at the same scale Arecibo radio telescope at the Basketball court at the same scale +

ESO ELT 39 m (2028)

30



E-ELT , January 2022
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JWST -




A smaII estlmatlon !!!

_ An hypothetical « habitable « planet at 30 |.ght_years s one a
, bl||IOnS times the dlstance to the moon L . '—'

Atravel 'of,'s_everajl ‘mi,llio‘ns,ef 'ye_'arsf,athpeIIo;11"veloeity .
* The quantrty of energy needed te Slgnn‘rcantly accelerate then .
— deeelerate the space mrssron (at a veIoerty close to the veIocrty ef Irght) o

s |mpOSS|bIe Gl

| ,>>>>>>>>> If the Earth begrns te be |nhab|table the humanlty erlg'f -
| 'NOT have any possrbrhty to emrgrate on another exoplanet

| Desplte of the huge number of exoplanets |n the galaxy
- We do not have a« Plan B ».



Mate szacunki !

Hipotetyczna " nadajgca sie do zamieszkania " planeta w odlegtosci 3
lat Swietlnych to jeden miliard razy wieksza odlegtos¢ od Ksiezyca !

Podroz trwajgca kilka milionodw lat z predkoscig Apollo 11 .

lloS¢ energii potrzebna do znacznego przyspieszenia nastepnie
wyhamowania misji kosmicznej (z predkoscig zblizong do predkosci
Swiatta) jest niemozliwa.

>>>>>>>>> Jesli Ziemia zacznie nadawac sie do zamieszkania ...
ludzkoscC nie bedzie miata mozliwosci emigracji na inng egzoplanete.

Pomimo ogromnej liczby egzoplanet w galaktyce
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