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How the fine analysis of basic properties of light allows the
discovery of exoplanets and/or to characterize them.
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An ancient concept

Moreover, there is an infinite number of worlds, some
like this world, others unlike it.
For the atoms being infinite in number (...),

there will be nothing to hinder an infinity

of worlds.
Epicurus, letter to Herodote, 300 B.C

There are countless suns and countless earths all
rotating round their suns in exactly the same way as

the seven planets of our system
Giordano Bruno, « The infinite, the Universe and the
worlds », 1600




Statistics...

100 billions stars in a galaxy

X 100 billions galaxies in the
accessible Universe




A well understood
formation mecanism




Fomalhaut b Planet

Fomalhaut System
Hubble Space Telescope + ACS/HRC

NASA, ESA, and P. Kalas (University of California, Berkeley) STScl-PRC08-3%




Definition of a planet ¢

A planet is a celestial body, which
» a) is orbiting a star,

» b) has a mass sufficient so that its gravity wins againts cohesion
forces of a solid and maintains equilibrium under a quasi-spherical
form,

» ¢) has eliminated all bodies susceptible to be on a close orbit

(G.A. International Astronomical Union, 2009)



Size / Mass

Detecting a planet ¢
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IERRIBLE Task!!!




The free of detection methods
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Using different properties of light
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Property 1

Wavelength
=

detecting the Doppler shift
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The reflex movement




The Doppler eftect

AA/Ay, =107 M,sini (a M.)'2

Earth /Sun:v, =0.1ms'=> AA/Ao0=310"1 |
’ T v

S51PegB:v,=127ms' > AA/A0o=4107

doppler shift greatly exaggerated .
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Velocity amplitude ¢

In convenient units : '
© AA/A, =107 (a/AUYYZ (M, sin i/M)) (M:/Mg) ™2 "
—

-* Mass of the planet !



The tool: cross-dispersed échelle spectrograph
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High-Reselution Spectrum of the Star HD 100623 JES+
£SO PR Phort TR03 (27 March 2003) (ESO 3.6-m + HARPS) ©European Southern Observatory %

Combines :
e 0 very broad spectral domain
e a very high spectral resolution

High-Resolution Spectrum of the Star HD 100623 (Raw)
(ESO 3.6-m + HARPS)
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Echelle spectrograph

Entrance slit

Collimator
focal f

Camera
Objective
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Gratings
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Echelle spectrograph

Blazed gratings: reflection = direction of maximum energy
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Cross-dispersed échelle spectrograph

Entrance slit

Collimator
focal f

Camera
Objective
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Orders

Gblaze

+ : very broad spectral range on a unique CCD
- . complex data reduction (tilted spectra, variable resolution..)
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Spectral calibratfion

lodine cell

—I ?I\—

Thorium Lamp
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Future instruments

- Better accuracy: frequency combs

- More photons : Extremely Large Telescopes (30 —
40m)

->
Earth accessible |
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Property 2
Luminous Intensity
-

measuring diminutions
of brightness during transits
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Detection of
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Transit of a planet

Q>
Probability 7%
1%
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Basic relations

» Probability for an observer to be in the orbital planet’s plane :
Orbit radius = a ; radius of star = R,

° P=W/2p=sin0=Rx/a
» [ransit Duration :

Orbit and period related by a3 = M«P?

For an impact parameter h

t =P 2R+ (1-h2)1/2 / (27a)
= 14 h al/2 M«1/2 R« (1-h2)1/?

Ex : Earth : 14h ; Jupiter : 31h ; 51Peg: 3h

»« Number of observed transits : N = Duration of Obs / P : a-3/2

» Cumulated Signal : Nt= a1 : Favours planets on a tight orbit
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The tool: photometric satellite
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CoRoT Exoplanet field

A large number of stars measured
on long durations (5 months)
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KEPLER

KEPLER : NASA mission
» Same principle as Corot,

but
» Larger telescope,
» wider field, Optical Axs
» longer duration |
= a unique field :‘fﬂ'”a"e e Sunshade}
. adiator N \
» search for earths in the /™ schmiat orrecor
« Graphite-cyanate
habitable zone Metering Structure

Local Detector Electronics

Focal Plane Array
42 CCDs,
>100 sq.deg. FOV

, @ Primary Mirror, 1.4 m dia.
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Detection criterion ¢

minimum : 3 periodic transits

—4E : : 3
Q

50 100 150

Limit = phofon noise :
statistical fluctuations of the number of detected photons
8 N /N, =1/N_, = bright star & small planets
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The CoRoTl planets

- 37 planets discovered
- A wide variety among characteristics

Densité (g cm-3)

Les planétes de CoRoT

100

0,01 01

Rayon orbite (UA)
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Corot-7b : the first smcll rocky plcne’r
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Corot-7b: the fire and the ice !
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The successor : PLATO

PLATO : decided ESA mission (2023)
» multi-telescope concept to get

» A very wide field monitored: 3600 deg?
=» bright stars =» earths

» A large collecting area
(equivalent to D ~75cm)
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Property 3

Coherence of light
=

direct detection
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Coronagraphy

schéma de principe de la main Bernard yot




The ennemy: the speckle |

No wavefront can be perfect = speckles |
They can easily be confused with a faint planet
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Modern coronagraphy

- Optics as perfect as possible:
corrected by adaptative optics

- Very large telescopes (8m — 40m) .
excellent resolution 8 = A /D =107 rds

- Coherence =» destructive interferences
using a phase mask (transparent)

- Differential methods (spectral, rotation, reference...)

A tfransparent mask !

gz




Adaptive optics

A loop including a deformable mirror and

a wavefront analyzer to debump the wavefront
deformed by the atmospheric turbulence

* Etoile

C/

Front d'onde
déformée T T
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Rl
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Télescope

~. Turbulence atmosphérique

Front d’'onde

Faisceau corrigé

s infrarouge

Miroir
déformable

[

Caméra

Faisceau visible

Analyseur
d'onde

Systéme de
/




4 Quadrants Phase Mask coronagraph

A fransparent mask !

stop

Produces destructive interferences
on the star only




R=)/AA=4.8 .

Performances




2"d level of coherence

Interferences : the planet has no
fringes (hon-coherence star/planet)
=» self-coherent camera (P. Baudoz)

Coronagraphic
mask

Reference L

channel

i

Reference ’
il

pup

Science

pupil

—

detector
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Active control of the wavefront

!_!

Central Star

Corgrmgmpm\_\ o

Uncorrecteq :

Jupiter

:- Coronagraph - corrected / Earth '

, Roll-deconvolvedm -
2 4 6 3 10

angular separation from "star" (A/D)



Angular Differential Imaging (ADI)

® static speckles bound to optics : they
turn with it, not the image of the planet

® Several images =» smart substraction
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Integral field spectroscopy

Telescope Spectrograph Spectrograph
focal surface input output Spectrum

O o oo
Lenslets 0OOooao
O oOoao
Oooao

‘Detector
Speckles size/location evolves with 4 . ¢ ]
Planet image does not

=
i

Amnin

Planet



Differential spectral imaging

Make images at two neaby wavelengths, one being proper to
a planetary spectral feature (e.g. methane, ammonia lines)

Rescale the two images to take into account diffraction
pattern vs A

Substract the two images

A




The tool : coronagraphic cameras

In space : european camera MIRI onboard the J. Webb Space Telescope




The ’rool coronagraphic cameras

©
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4 planets |
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The winning team

ial t

L

Compbine all diiferent
Spectral (monochromat
polarimetric, rotation
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Property 4

Polarization of light
=

Differential polarimetry

: ; z S
~
o
~
Ry
.o
S
..
.
S
~

Y
..
S
~.
oo
.
~
.
~

R



8/07/2015 D. Rouan - LESIA, Observatoire de Paris - LIGHT | - Strasbourg

Light from planets is polarized

- Starlight is not polarized: P =0
- Planet light is polarized through scattering: P =5 - 50 %
- Mixing: P < 107

polarimeter

polarization : particle
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An ultra-precise polarimeter

- A CCD array where one pixel over two is blind

| Synchronisation

| Polariser s [
!
Ll g L i, |
DT RN L 1
Polarisation L, ] Modulated “~ Modulated t
signal polarisation I intensity
Modulator \\ Demodulating
CCD detector

- A fast modulation of polarization, synchronous with
ping-pong transfer of photo-charges in the CCD

- The ZIMPOL instrument in SPHERE (ETH ZUrich)
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Property 5

Constancy of light speed
->

Gravitational amplification




Gravitational Lense

A Luminosité

Images multiples

a Etoile b | ; ~ d

source

Planete
> ®

Etoile

Rayons Bending of luminous rays
=il predicted by general relativity
N N ‘ (Einstein 1915)

# Télescope B
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(simplified) bending of light

General relativity =» in a free-falling cabin, no way to know that
you are not in a galilean frame: a ray of light must not deviate

In the cabin

If there waxs
no deviation
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(simplified) bending of light

General relativity =» in a free-falling cabin, no way to know that
you are not in a galilean frame: a ray of light must not deviate

In the cabin

There must
be deviation ! !
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Gravitational Amplification

- Bending of light =» lensing effect
- One looks for the trace of the gravitational lense: an
amplification of light from a distant star when a couple star/

planet (the lense) passes exactly between it and us.

Amplification : A(t) = (u +2/u)/(u?+4)1/2
With u = projected distance between lense and
distant source

Example :u=1=2A=134 ; u=.12A=10
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Example

- Star OGLE-2005-BLG-390Lb
shows a quasi-certain planetary signature : a very small mass

planet:
° = I
Mp 5.5 MeOrTh ° — T T T T T T 1] I T L I1OIAuI Ik I11IA ™3
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Light Curve of OGLE-2005-BLG-390




The tool: monitoring of millions of stars
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Census today
1901 planets
N
1199 systems
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