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Background: Solar System and beyond

Solar System as an Exoplanetary
 

system
 

basic properties 



Eccentricity of Orbits
 

e = 0  circular
 
e = 1 parabolic

 0 < e < 1 ecliptic
 

e > 1 hyperbolic

Average distance from Sun
 

1 AU = 1 astronomical unit  
mean Earth-Sun distance

(1.496 1011

 

m)



1 Earth mass = 5.9736 1024

 
kg

Mass of planets



Average Density of planets

Inner terrestrial planets: density > 3g/cm3, rocky planets
Outer planets: low density, cores with gaseous envelope



•
 

All planets orbit in the same direction   
with orbital periods: 0.24 –

 
165 yr

• Modest orbital eccentricities

• Modest orbital inclinations: 0–17 deg

Solar System

•
 

System consisting of a G2V type (dwarf) star, 4 inner terrestrial planets (one in 
the habitable zone), 4 outer gas giants, a multitude of moons and smaller bodies  

• Well ordered and dynamical stable system





• before 1700 6 Planets, Comets

•
 

1992
 

First object in the Kuiper-belt 
found by Jewitt

• 1781 Herschel discovers Uranus

•
 

1801 First asteroid discovered by 
Piazzi

• 1846 Galle discovers Neptune

• 1930 Tombaugh discovers Pluto



 

from middle 20th century explorations by 
satellites

Exploration of the Solar System



Exploration of extrasolar
 

planetary systems



 

ancient to modern times: planets may be / should be existing orbiting other 
stars than the Sun

 1952: Struve proposes methods to search for exoplanets

 1980s: start of first radial velocity surveys

 1992: discovery of a planet around a pulsar star (1st

 

outside Solar System)

 1995: discovery of first exoplanet
 

around a solar-like star (51 Pegasi
 

b)

 2000: around 50 planets discovered

 2005: around 180 planets discovered

 2009: 400+ planets discovered

26 Nov 2009: 404 discovered planets; 42 multiple planet systems



Solar System 
neighbourhood

Majority of all known exoplanets
 

<100 parsecs



55 Can Planetary System

Outer planet similar to Jupiter in the Solar System



Motivation for studies of exoplanetary
 

systems 



 

How common are  exoplanetary
 

systems?



 

What are their physical parameters (mass, density, orbit, composition,…)?



 

Are they system like our own Solar System? 



 

What are their formation and evolution history? 



 

Can they host habitable planets?



towards a generalized planetology

NB1: the same detailed knowledge as in the Solar System is impossible
NB2: our knowledge will increase with the number of know exoplanetary

 
systems.



Exoplanet
 

Basics



"A planet is a celestial body that:
(a) is in orbit around the Sun
(b) has sufficient mass for its self-gravity to overcome rigid body forces so 
that it assumes a hydrostatic equilibrium (nearly round) shape, and
(c) has cleared the neighbourhood around its orbit." 
[IAU, Resolution B5]

"Extrasolar
 

planet is an object that has a mass between that of Pluto and 
the deuterium burning threshold and that forms in orbit around an object 
that can generate energy by nuclear reactions"
[G. Marcy]

What is an (exo)planet?



Astrophysical definition

Stars:
 

over 80 Jupiter-masses (hydrogen-fusion and later stages if mass 
is large enough)

Brown dwarfs:
 

between 13-80 Jupiter-masses (only deuterium-fusion)

Planetary bodies:
 

below 13 Jupiter-masses (no natural fusion)

These mass limits depend slightly on the chemical composition.

But no definition from giant planets, dwarf planets, asteroids, meteors 
etc. in this astrophysical definition. Nor any classification according to the 
formation mechanisms (i.e. free-floating planets)



Exoplanet
 

Nomenclature

No defined IAU nomenclature exists for naming exoplanets

Used convention:


 

star name + small letter in order of 
discovery: 51 Peg b; Gliese

 
876 

b,c,d; [Sun b (Jupiter)]


 

survey name  + small letter in 
order of discovery: CoRoT

 
7 b, c; 

WASP 4 b 



Types of Exoplanets
Broad classification based on observable properties only 
(size, mass and distance from star)

Cold Jupiter
 

–
 

gas giants with masses similar to or
 

 
larger than Jupiter; orbits in the outer and colder parts of 
the systems

Hot Jupiter
 

–
 

gas giants with masses similar to or larger 
than Jupiter;

 
on close-in orbits (<0.1 AU) with high 

equilibrium temperatures (up to 1500 K)

Hot Neptune
 

–
 

planets similar to Uranus and Neptune 
on close-in orbits (hot)

Super Earth
 

–
 

planets with masses similar or larger 
than Earth; no assumptions about properties

http://upload.wikimedia.org/wikipedia/commons/2/25/Planetart.jpg


web: exoplanet.eu



Methods of Detection



Methods to find extrasolar
 

planets:

-
 

Radial velocity  
- Transits
- Astrometry
-

 
Direct imaging

-
 

Microlensing
-

 
Pulsar timing 

Space

Ground



Where to look?





The radial velocity method

Planet detectable due to changing radial velocity of star orbiting 
around the system centre of mass 

376 detected planets (first:  51 Peg b in 1995)

http://media4.obspm.fr/exoplanetes/pages_exopl-methodes/images/images/spectro.gif


The radial velocity method

M
to observer 

v sin i
i

� 3. Kepler
 

law: Orbit parameters

but:

Uncertainty of  sin i in mass!

The radial velocity method allows to derive: 

* the orbit (period, stellar distance)

* a lower mass limit (M sin i)



51 Peg b:
 

discovered 1995 by Mayor & 
Queloz; Marcy & Butler

51 Peg: G2IV, V=5.5

Planet:  Period:  4.23 days

a:             0.05 AU

M sin i:   0.47 MJ

e:
 
0.

Michel Mayor –
 

Didier Queloz



Photometric Transit Search

Method:
 

relative photometry

Advantages of this search 
method: 

- No input catalogue required

-
 

allows to detect even small 
planets (from space)

Disadvantages:

Low detection probabilities, 
high “false alarm”

 
rate, no 

mass determination

Transiting planet obscure the stellar light and causes a drop in
 

the 
observed brightness. 

62 detected planets (first:  OGLE-TR-56 b in 2003)

Snellen



Transit Observations
• amplitude: R2

planet

 

/R2
star

• periodic transits:
 

orbital period, orbital distance

• transit duration:
 
orbital inclination, 

stellar radius, distance

• shape: stellar limb-darkening
ra

di
us

inclination

Limb darkening

ΔF/F  ~ 1%: Jupiter

ΔF/F  ~ 0.01%: Earth

geometrical probability ~ 1/a

T. Pasternacki



The probability of transits The probability of transits 

Geometrical probability:
 

The observer must see the planetary 
orbit edge-on to observe a transit!

θ0

Geometric transit probability:
ob

se
rv

er

For eccentric orbits:

T. Pasternacki



Planet
 

Period
 

[a]
 

duration
 

[h]
 
ΔI

 
[%]

 
geom. Prob.

 
[%]

Mercury   0.24
 

8.1
 

0.0012
 

1.19

Earth
 

1
 

13.0
 

0.0084
 

0.47

Jupiter
 

11.86
 

29.6
 

1.01
 

0.089

Neptune
 
164.8

 
71.3

 
0.127

 
0.015

“hot Jupiter“
 

0.01-0.04
 
3-4

 
~1

 
~10

If somebody would plan to observe our Solar System …

The probability to observe a planetary transit is low!

This requires: 



 

A large number of stellar light-curves (targets)



 

A long continuous time baseline



““False AlarmFalse Alarm““
Non-planet 
causes for a 
transit signal:

Grazing 
eclipsing binaries Stellar spots

Background 
eclipsing binaries

Eclipsing 
brown dwarf

FollowFollow--up observations: mass up observations: mass 
determination with the radial velocity determination with the radial velocity 
methodmethod

T. Pasternacki



Radial Velocity MethodRadial Velocity Method

 Orbital parameters

 lower limit on mass (m sin i)

Transit MethodTransit Method

 Orbital parameters

 inclination i

 planet radius

True mass and 
mean density

http://media4.obspm.fr/exoplanetes/pages_exopl-methodes/images/images/spectro.gif


The combination of transit and RV allow to The combination of transit and RV allow to 
determine the basic planet parametersdetermine the basic planet parameters

Deleuil et al. (2008)

Basic Planet Parameters:

-
 

orbit: a, P, i, e, ω

-
 

mass, radius, 

mean density

Transiting planets allows 
further characterization of the 
planets (e.g. inner structure, 
atmospheric composition)



Transit surveys from space ITransit surveys from space I
The CoRoT

 
Mission (CNES)

 (Convection Rotation and Planetary 
Transits) 

•
 

Goals: planet finding + 
astroseismology

 
of bright stars

•
 

Polar Earth orbit

•
 

27 cm Telescope and CCD Camera
2.8°

 
x 2.8°

 
field-of-view

•
 

Sequence of long (150days) and 
short observing runs

•
 

Launched: 
27th

 

December 2006

•
 

Participation from: 

F, A, B, D, E, ESA, Brasil

The Kepler
 

Mission (NASA)

• Goal: detect Earth-like planet in
habitable zone

• Orbit: L2

• 0.95 m aperture

• Detectors: 42 CCDs
2200 x 1024 pixels

• 105 square degree field of view
• Stare at one star field of 
100,000 stars

• Duration: 3 years

• Launched: March 6, 2009

7 published planets!



precision: 6x10-5

Hubble Space Telescope
HD209458b (V: 7.65 mag)

CoRoT-2b (V: 12.57 mag)
27cm aperture telescope in space20cm aperture telescope at OHP

Rauer et 
al. (2009)

Alonso et al. 
(2009)

Transits from ground and space (examples)Transits from ground and space (examples)

Charbonneau 
et al. (2000)

10cm aperture telescope from ground

detected by rv

detection

Brown et 
al. (2001)

archive



CoRoT 7b

0.035%

CoRoT-7b:
 

-
 

Rpl

 

= 1.68 RE

-
 

P = 0.8536 d
-

 
a = 0.017 AU 

-
 

m = 4.8 MEarth

-
 

rocky planet

Leger et al., 2009; Queloz et al. 2009



Transit surveys from space IITransit surveys from space II

The Kepler Mission (NASA)

• Goal: detect Earth-like planet in
habitable zone

• Orbit: L2

• 0.95 m aperture

• Detectors: 42 CCDs 
2200 x 1024 pixels

• 105 square degree field of view
• Stare at one star field of 
100,000 stars

• Duration: 3 years

• Launched: March 6, 2009

Planets to come!



Borucki et al., 
Science (2009)



Methods of detection

Direct imaging
 

–
 

planets are detected 
by direct imaging of the system. Main 
problem is to separate the faint light from 
the planet compared to the blaze of the 
star. Detections of large and hot planets 
at large distances are favoured

11 detected planets (first: 2M1207 b in 2004)

Gravitational microlensing
 

–
 

planets are 
detected as anomalies in the lensing 
event light-curve of a source star. The 
event is a singularity, hampering further 
studies of the objects. 

9 detected planets (first: OGLE 235 MOA53 b in 2004)



Methods of detection

Astrometry
 

-
 

Planet detectable due to the 
“wobble”

 
of the star following its orbit around 

the centre of mass of the system. High future 
potential with the GAIA mission (launch 2012)

1 detected planet (first: VB 10 b in 2009)

Pulsar timing
 

-
 

Planet detectable due to
 

 
timing anomalies in the observed radio waves 
from the otherwise very regular rotation of a 
neutron star. Anomalies due to changes in the 
pulsars  motion caused by planets. 
System environment with high-energy 
radiation. 
8 detected planet (first: PSR 1257+12 b in 1992)

http://upload.wikimedia.org/wikipedia/commons/b/bc/Ssc2006-10c.jpg


The Exoplanetary
 

Population



The Exoplanetary
 

population (26 Nov 2009): 

 404 discovered planets; 42 multiple planet systems
Masses: a few Earth –

 
25 Jupiter

Periods: 0.85 days –
 

876 Years

 62 detected transiting planets
Basic planet parameters

 
known (including mean density)

Suitable for further characterization (atmospheres, habitable zones) 

allows investigation of general population properties

Estimates from ongoing surveys: 


 

Around 7%
 

of solar like stars have gas giants
 

(Hot Jupiters) on 
close-in orbits

 Between 30-40%
 

of all dwarf stars have dwarf planets

The Exoplanetary
 

population



direct 
imaging

microlensing

transits

radial 
velocity

below 
Neptune 
mass

Future: expansion outwards and downwards + filling the parameter
 

space

The observed population

NB: (MJ

 

sin i) 
for most of the 
sample



below 
Neptune 
mass

Distributions -
 

Jupiter's: hot (migration) + cold (in-situ); Neptune's:  flat

Cold Jupiter

Hot Jupiter

Hot Neptune

Super Earth

The observed population



CoRoT-7b

[days]

?

More planets with small 
mass at short periods?

[M
J]

The close-in population
Green: radial 
velocity

Pink: transits

below 
Neptune 
mass

Today: most very short-period 
planets are detected by 
transits



Transiting planetsTransiting planets

Basic planetary parameters known for a wide range of planets!

CoRoT Kepler

[AU]

[M
]



Planetary MassesPlanetary Masses

* most detected extrasolar planets are large gas giants

>400 planets



Observational bias (RV) in 
the low-mass end!

(Udry & Santos 2007)



Exoplanet orbitsExoplanet orbits

Exoplanets can have  
very large orbital 
eccentricities 



-
 

High eccentricities indicative of dynamical interactions (with disk, other 
planets, stellar companions, resonances, …)
-

 
Low eccentricities on close-in orbits due to tidal circularization

-
 

Massive planets tend to be more eccentric

Eccentricity



Multiplanet
 

systems
Number of planetary systems:
-

 
5 planets: 1 system (55 Cancri)

-
 

4 planets: 2 system
-

 
3 planets: 9 systems

-
 

2 planets: 34 systems

~25% of all detected planets

-
 

2 x enhancement to detect 2nd

 planet
 

planets come together(?)
-

 
mature and interacting systems 

like the Solar System
-

 
hierarchical or/and resonant 

systems
-

 
potential Habitable Zones (HZ)



55 Cancri
 

system

0.02552185.773.835d

0.2260.000.7810.144f

0.08644.34460.2400.169c

0.01414.651620.1150.824b

0.072.817050.0380.024e

eP

 
(days)

a

 
(AU)

M*sini
(MJ

 

)
Planet

5 Planets:

1 Cold Jupiter

1 Hot Jupiter

2 Hot Neptune's

1 Super-Earth

Central star:
-

 
type: G8V

-
 

distance: 12.5 pc
-

 
V: 5.95 mag

-
 

mass: 0.95 Msun

-
 

radius: 0.96 Rsun

-
 

55 Cnc f in HZ; potential for life on moons
-

 
planets b and c close to a 3:1 MMR

-
 

additional planets possible between f and d



A planetary system with planets in the habitable zone?A planetary system with planets in the habitable zone?

The system around Gliese 581 (Mayor et al. 2009) Central star:
-

 
type: M3

-
 

distance: 6.26 pc
-

 
V: 10.55 mag

-
 

mass: 0.31 Msun

-
 

radius: 0.38 Rsun

Gliese 581 may harbour a 
planet in the habitable 
zone (Gliese 581d)

(see Mayor et al. 2009, 
Selsis et al. 2007)

4 Planets:

1 Hot Neptune

3 Super-Earth



The Rossiter-McLaughlin Effect (transit spectroscopy)

Thus, future observational exploration of transiting systems using the 
Rossiter-McLaughlin effect will be one of the most important probes for a

 better understanding of the origin of extrasolar planetary systems, 
especially the origin of their angular momentum. 



The Rossiter-McLaughlin Effect

What information can we obtain through the RM-effect?

* Which is the relative angle between the stellar rotation axis and the 
orbit of the planet?



+ HAT-7b: λ=-132.6 (+10.5, -16.3) Grad
+ CoRoT-1b: λ= 77 +/-11 Grad

the majority of planets have orbits with low 
inclination angles with respect to the equator 
of their host star

however, a certain number of planets show 
high relative angles (how significant?)



A high relative angle does not 
necessarily mean a retrograde orbit, but 
a polar orbit.

an exteme case: HAT-P-7b

http://oklo.org/2009/08/18/retrograde/
Narita et al., 2009

λ=-132.6 (+10.5, -16.3) degrees.



Silva et al. (2009)Alonso et al. (2009)
see also Czesla et al. (2009)

Interactions between the planet 
and its host star



Lanza et al. (2009)
see also:
Pagano et al. (2009); Frölich et al. (2009); Huber et al. (2009); Wolter et al. (2009)

Transits reveal the presence of stellar spots



Gillon et al. (2009)

The secondary eclipse

Alonso et al. (2009)
see also Snellen et al. (2009)

T=2330(+120/-140)K
e=0.071(+0.042/-0.028)
signs of tidal heating



Overview of Some Open Questions



Possible correlation of planet mass and period

Mazeh et al. 2005
HD17156

CoRoT-Exo-

 
4b

WASP8b

XO3b

SWEEPS11b

HAT-P-2b

WASP14b

CoRoT-Exo-

 
6b



-
 

Lack of close-in massive 
planets (migration effect)

-
 

Rise in mass with period 
-

 
(more material at hand)

Period vs. mass



Larger planet with larger star (?)

Hard to 
discover

Where
are
they?

Deleuil et al.
(2008):

Larger star with 
larger planet (?)

A question 
to investigate



Need observations over a wide range of stellar masses

detection

limit

Planets detected by transits Planets detected by RV

[M
_s

un
]

[M
_s

un
]

[Mj] [Mj]

Is planet formation correlated with stellar mass?

High-mass planets around high-mass stars

For example: stellar massFor example: stellar mass



- CoRoT-3b orbits a fast rotating star

- in general, rv-surveys easily eliminated fast rotators from their surveys  
(observational/ detection focus on slow rotators)

 Planets may escape detection around fast rotators due 
to an observational selection bias in rv-surveys

CoRoT-3b

Planets detected by transits Planets detected by radial velocity

(v sin i)

No planets around fast rotating stars?

(v sin i)

[M
j]

[M
j]



Deleuil et al. 2008

Mass radius relationshipMass radius relationship

„inflated 
planets“

“brown dwarf 

desert“

Mass and radius allows a first characterization of the planets

Udry et al., 2007



(Sasselov 2008)

CoRoT 7b

Cold & Hot Jupiters

Hot Neptunes

Super Earths

more next week!



Next week on Exo

Exoplanets and their characteristics:  

 formation
 inner structures
 atmospheres
 habitable zones

Towards the 2nd
 

earth
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