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The mass function
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The mass function
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Mass function (f): contains
all measurable quantities

if stellar mass 1s known,
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Exoplanets



METHODS AND PRINCIPLES

1)

Gravity causes star to “wobble”:

RADIAL VELOCITY Radial Velocity: Motion toward and away detected by
Doppler shifts in stellar spectra

Astrometry: Motion in plane of sky detected in

2) ASTROMETRY images of stars compared to background
Eclipses by planets (slightly!) dim the star light
3) TRANSIT Detected by brightness decrease in light curve
Stars sometimes gravitationally lens background
stars and the planet can contribute (very slightly)
4) MICROLENSING
Detection by small blip in lens light curve
Image of starlight reflected by planet.
5) IMAGING Very Difficult: Requires nulling the star




PLANETARY SYSTEMS ALIGN IN A PLANE

The inclination of a planetary system can range from edge on to face on

edge-on = high inclination face-on = low inclination

Upsilon Andromedae

2 3

1}
i Il-i;'l:lll “{m“‘--' : g

Sl B = Ll
)—

_1 3

_2 3

-2 -1 0 1 2 3 4
X (AU)
Radial Velocity and Transit Astrometry and imaging
methods methods

Microlensing method does not depend on orbital
inclination



The first confirmed exoplanet orbiting a MS star
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RADIAL VELOCITY METHOD
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STELLAR WOBBLE: THE SUN

19825
2020, j!f1!=
P da

AN Y=\

‘ 1990 | 0.001"
1 | 1

1
I g?c) 2[}{5 g .-.'. A0
1968 1
000 b,
202s

——

——

We would not have detected Jupiter around our star using Radial Velocity
We could detect Jupiter if we had been watching using Astrometry



ASTROMETRY METHOD

No confirmed planet discoveries yet, but will be soon possible with
GAIA (ESA, 2013 December 19; u—arcsec astrometry)

S esa | 2 Combining Astrometry and
“GAIA -

Radial Velocity methods

The illon Star SOeyor -

= orbit inclination

= planet mass

~8000 (massive) planets
should be discovered by
GAIA (until 2020)




Eclipse = transit

Planet Eclipsing Star HD 209458
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* Planet candidates need to be confirmed by RV observations

* Follow-up observations are also needed to derive planet
mass and to study star properties



E)CHES - Octobre 2005Mus. D. Dueroa

COROT (COnvection ROtation et Transits planétaires)
operated from 2006 December 27 to 2012 November 2.
The project was led by CNES, in cooperation with ESA



CoRoT 7b

Rocky planet
Mass = 5 Earth
R=2.5 109 km

(23 times closer than.
Mercury)

P=20.4h
Star age= 1.5 Gy

g

T — Y

 When discovered, Corot-7b was the closest known
exoplanet to its host star, thus the fastest.

 Day-face temperature >2,000°, but -200° on night
face. CoRoT 7b may have lava or boiling oceans on its
surface.

* The sister planet, Corot-7c, is more distant.



Distribution

RADIAL VELOCITY METHOD

Number of planets with a given “mass”

501

0.01 0.1 1

Earth=0.003 Msin(i) [Jupiter Mass]

exoplanets.org

exoplanets.org | 3/28/2014 |

10

One cannot get the
mass directly, if the
inclination of the

system is unknown

One determines
combined quantity of
planet mass and the
inclination angle

Smaller “mass”
planets are the
hardest to find) =
small planets are
very numerous


file:///home/andrea/Dropbox/Astrofisica/lectures/09_exopl/exoplanets.org

RADIAL VELOCITY METHOD

Planets discovered with RV method
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1) 440 planets (~30%)

discovered since 1995
with RV method

RV method selects
high mass planets
with relatively small
orbits



Semi-Major Axis [Astronomical Units (AU)]

RADIAL VELOCITY METHOD

All confirmed planets

10|

exoplanets.org | 3/28/2014
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1) 440 planets (~30%)

discovered since 1995
with RV method

RV method selects
high mass planets
with relatively small
orbits

With transits, even
smaller orbits (less
dependent on mass)
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Launched in March 2009

Pointing sky region in
Cygnus

4570 planet candidates

il

 First Five Planet Discoveries
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kepler  gizes of Known Exoplanets '%‘/

As of February 26, 2014
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FRACTION OF STARS
WITH AT LEAST ONE PLANET
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PLANET SIZE (relative to Earth)




The Habltable Zone
( Where Water /5 /1qu1d)

Sun-like St:

Cooler Stars



Kepler's Habitable Zone Planets
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Kepler-62 System
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Iransmission Spectrum T
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NASA'S K2 MISSION: WHERE K2 WILL OBSERVE FIELD 1

W

The search for planets continues today!
May 30, 2014

MILKY WAY GALAXY




MICROLENSING METHOD

magnification

lensed images
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MICROLENSING METHOD

T T T T ]

Amplification by

Amplification

planetin lensing zone

T T
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- 10 Earth-mass planet

-1 Earth-mass planet

Lensing by star

T

Source
! Star Lens Star and Planet
i

| / 1-7 kpe from Sun

Planet
Source % :—_:_:—:E‘-ﬁ ——— Sun
O
Lens Star

From Bernettand Phie, 1995

Pros: All masses and orbits and
independent of star brightness

Cons: Distant planets and
observation cannot be repeated



Earth mass planet detected with microlensing
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MICROLENSING METHOD

HST - WFPC2

PRC 95-10 - ST Scl OPO - February 1995 - J. Gallagher (U.WI), NASA 2/14/94 zg|

In the future, one can do this in external galaxies!




IMAGING METHOD

The star can be Now we can do it with
blocked out using a interferometers
coronagraph (with excellent

spatial resolution
as a bonus!)



Direct Imaging

Fomalhaut b
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Fomalhaut System Hubble Space Telescope « STIS

NASA and ESA | STScl-PRC13-01a




Beta Pictoris b imaged
with VLT, NaCo (infrared)

October 2009 L' band - 3.8 um March 2010 Ks band - 2.18 pm

M = 10 Jupiter masses; T = 1500° C



Reflected Light L Rp—

»
planet/star flux ratio is: P Planet
) Star ‘
_ ][planet Rp
E= =p—
Js a d
p is albedo
/2 Earth




Atmospheric Probe

Sudarsky Planet
types
® | : Ammonia Clouds
® || : Water Clouds
® ||| : Clear
® |V : Alkali Metal
® V : Silicate Clouds

Predicted Albedos:
®|V:0.03

®\ :0.50 | - | y
Sudarsky et al. 2000 Picture of class IV planet generate

using Celestia Software




IMAGING METHOD

Optical: star/planet = 1 billion = 10° Infrared: star/planet = 1 million = 10°
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We need to search in the infrared and to lock out the star!



IMAGING METHOD

Visible (optical) band Infrared band

Planet lost in glare of star that Planet more luminous in the infrared
is very bright in the visible band. band and star not so bright.




Exoplanets Spectroscopy

To look for key molecules

{CO,+H,0+0,}

Intensity (arbitrary unit)

wavelength (um)




REFLECTANCE
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The “red edge” Is a signature of vegetation on Earth.



The first astronomical detection of
life
(Sterzik, Bagnulo & Palle, 2012, Nature 483, 64)

Moon observations from VLT (Chile) have studied Earth
light (coming from the Sun) reflected from the Moon.

Biosignatures in spectra (O, and CH, abundances outside
equilibrium and vegetation bump) and polarization
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