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A short history of finding 
planetary systems beyond our 
own solar system



Nicolaus Copernicus

Nicolaus Copernicus, De revolutionibus orbium coelestium, 1543.



The first planet: PSR 1257+12

Illustration by NASA/JPL-Caltech/R. Hurt (SSC), 1990.

First confirmed 
planet sized 
object outside 
our solar system.

Detected by 
pulsar timing 
variations.

Nothing like any 
anything that we 
knew before.

http://en.wikipedia.org/wiki/PSR_1257%2B12
http://en.wikipedia.org/wiki/PSR_1257%2B12


First planet around a Sun-like star: 51 Pegasi b

Detected by 
radial velocity 
variations by 
Michel Mayor 
(Geneva).

Again, nothing 
like any anything 
we knew before: 
Hot Jupiter.

4 day orbit.

http://en.wikipedia.org/wiki/51_Pegasi_b
http://en.wikipedia.org/wiki/51_Pegasi_b
http://en.wikipedia.org/wiki/Michel_Mayor
http://en.wikipedia.org/wiki/Michel_Mayor


The first multi-planetary system: Ups Andromedae

Detected by 
radial velocity.

Four very 
massive planets 
including one Hot 
Jupiter on a 5 day 
orbit.

The planets' 
mutual inclination 
is more than 30º.



Candidates detected by the Kepler spacecraft

Illustration by Dan Fabrycky.

Detected by the 
transits method.

More than 170 
multi-planetary 
systems.

Mostly small 
mass planets 
made of ice and 
rock. 



Today's census of multi-planetary systems

Visual Exoplanet Catalogue, http://exoplanet.hanno-rein.de.

257 planets in 
103 systems.

Wide variety of 
configurations.

A large number 
of systems are 
locked in 
resonances.



Resonances



Resonance catastrophe at Tacoma Narrows

Forced 
resonance.

Wind is 
creating 
periodic 
force.

This period 
is similar to 
the bridge's 
own period.

http://www.youtube.com/watch?v=P0Fi1VcbpAI



Resonances in the solar system

The Laplace 
resonance is a 
4:2:1 resonance.

Orbital periods 
are integer 
ratios of each 
other.

This is a very 
stable 
configuration.



Moon Earth Spin coupling.

The Moon is tidally 
locked to the Earth.

Nobody saw the far side 
of the Moon until 1959.

This is a 1:1 spin orbit 
resonance.

In a few billion years the 
Earth will be locked too.



Asteroid in resonance with Jupiter

Scott Manley



Resonances...

... can be good.

... can be bad.



Formation of resonant 
systems



A system in 2:1 resonance: Gliese 876

Massive planets. 

Close in orbits.

Locked in a 2:1 
resonance. 

Close to Earth: 
15 light years.

Observed with 
high accuracy.



Moving planets around: Migration

Planets form in 
proto-planetary 
disks.

They can interact 
with these disks. 
This can change 
the their orbits.

Different planets 
move at different 
speeds.



Resonance capture

If two planets migrate, 
they can capture in 
resonance.

After the resonance 
capture, they move 
together.

This is a 'good resonance'. 
The setup is very stable.



A system in a 3:2 resonance: HD 45364 



Moving planets around quickly: Type III migration

This is the fasted 
way to move 
planets around. 

The entire process 
takes place in a few 
years.

Occurs in very 
massive disks.



Formation scenario for HD45364

The planets need to move 
very quickly. 

Otherwise they get captured 
in the 2:1 resonance like 
Gliese 876. 

To solve the puzzle, we need 
Type III migration. 

This allows us to reproduce 
the observed systems AND 
make predictions.

Rein, Papaloizou & Kley 2010



Testing a theory with predictions
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Getting closer: HD 200964

The planets in this 
system are only 
stable when 
protected by a 4:3 
resonance.

How can we form 
this system?



How to form HD 200964?

Migration leads to 
resonance, but the 
wrong one.

Alternatives such 
as planet-planet 
scattering also 
doesn't work.

We have no idea...



Moonlets in Saturn's Rings



Cassini spacecraft

NASA/JPL/Space Science Institute



Close-up of Saturn's rings: propeller structures

Porco et al. 2007, Sremcevic et al. 2007, Tiscareno et al. 2006



Migration in Saturn's rings

4

Figure 4. Observed longitude of the propeller “Blériot” over 4 years, with a linear trend (616.7819329�/day) subtracted o�. Only data
points with measurement errors � < 0.01� are shown. Error bars (1-sigma) are given, but in many cases are smaller than the plotting
symbol. Panel (a) shows all the data, while panels (b), (c), and (d) contain subsets of the data shown in greater detail. The residuals
to the linear trend (horizontal dotted line) are less than ±300 km, but are clearly not randomly distributed. The dotted line indicates a
linear-plus-sinusoidal fit to all the data, with an amplitude of 0.11� and a period of 3.68 yr. The solid lines indicate piecewise quadratic
fits, corresponding to a constant drift in semimajor axis; in particular, the data from mid-2006 to early-2007 (panel c) are fit by a linear
trend with a constant acceleration of -0.0096⇥⇥/day2 (ȧ = +0.11 km/yr), while the data from late-2007 to early-2009 (panel d) are fit by a
linear trend with a constant acceleration of +0.0023⇥⇥/day2 (ȧ = �0.04 km/yr).

Table 1
Orbit fits for trans-Encke propellers

Longitude Rms deviation
Nickname n, �/daya a, kma at epochb # imagesc Time interval in km in longitude

Earhart 624.529897(2) 133797.8401(3) 57.85� 3 2006–2009 (2.7 yr) 730 0.31�

Post 624.4867(3) 133803.99(4) 58.09� 3 2006–2008 (1.7 yr) 12 0.01�

Sikorsky 623.917736(1) 133885.0475(2) 70.37� 3 2005–2008 (3.1 yr) 230 0.10�

Curtiss 623.7473 133909.36 210.04� 2 2006–2008 (1.7 yr)
Lindbergh 623.3176(2) 133970.69(2) 112.08� 3 2005–2008 (3.0 yr) 71 0.03�

Wright 622.5527 134080.03 251.85� 2 2005–2006 (1.3 yr)
Kingsford Smith 620.761649(2) 134336.9350(3) 202.44� 4 2005–2008 (2.9 yr) 670 0.28�

Hinkler 619.80519(1) 134474.639(2) 58.85� 3 2006–2008 (1.3 yr) 360 0.15�

Santos-Dumont 619.458729(1) 134524.6067(2) 324.11� 9 2005–2009 (4.3 yr) 670 0.28�

Richthofen 617.7011 134778.83 122.90� 2 2006–2007 (0.3 yr)
Blériot 616.7819329(6) 134912.24521(8) 193.65� 89 2005–2009 (4.2 yr) 210 0.09�

a Formal error estimates, shown in parentheses for the last digit, are for the best-fit linear trend in longitude. They are
much smaller than the rms deviations in longitude, given in the right-hand column.
b Epoch is 2007 January 1 at 12:00:00 UTC (JD 1782806.0). All orbit fits assume e = 0 and i = 0.
c Not including images of insu⇥cient quality to include in the orbit fit.

clusively proven) that giant propellers are missing in the
Propeller Belts. Even the largest propellers observed in
the Propeller Belts have �r < 1.3 km (Tiscareno et al.
2008), while nearly all observed trans-Encke propellers
have �r larger than this value (Fig. 2).

3. THE ORBITAL EVOLUTION OF “BLÉRIOT”

At least 11 propellers have been seen at multiple
widely-separated instances, but “Blériot” is of particu-
lar interest as the largest and most frequently detected

(Figs. 1b, 1c, 1d, 1e, and 1h). It has appeared in more
than one hundred separate Cassini ISS images span-
ning a period of four years, and was serendipitously
detected once in a stellar occultation observed by the
Cassini UVIS instrument (Colwell et al. 2008, 2010).

Analysis of the orbit of “Blériot” confirms that it is
both long-lived and reasonably well-characterized by a
keplerian path. As Fig. 4 shows, a linear fit to the lon-
gitude with time (corresponding to a circular orbit) re-
sults in residuals of ±300 km (0.13� longitude). How-

Tiscareno et al. 2010

The moonlet is like a 
small planet. 

It also migrates. But 
now we can observe 
it directly!

It might now migrate 
smoothly because 
Saturn's rings are 
very turbulent.



Random walk

REBOUND code, Rein & Papaloizou 2010, Crida et al 2010



Is our solar system special?



Planet migration in the solar system

NASA/JPL-Caltech/T. Pyle (SSC)

Planet migration in 
the proto-planetary 
disk piles up the 
giant planets in a 
resonant chain.

Planetesimal disk is 
left over as well.

This is the starting 
configuration of 
the nice model.



Moon crater count

 NASA/LRO/LOLA/GSFC/MIT/Brown



Our best guess how the solar system formed.

Nice Model

Migration results in 
compact, resonant 
system. 

Planetesimal disk 
allows planets to 
migrate just a little 
bit outside of the 
resonance.

Triggers the late 
heavy bombardment. 



Are we special?

Yes.

No.



Are we alone?



Rate of star formation in our galaxy

Fraction of those stars that have planets

Number of planets that can support life

Fraction of planets that actually go on to 
develop life at some point

Fraction of planets with life that develop 
intelligent life

Fraction of civilizations that develop a 
technology that releases detectable signs of 

their existence into space

The Drake Equation.

Are we alone?

N = R⇤ · fp · ne · f` · fi · fc · L

R⇤

fp

ne

f`

fi

fc

Length of time for which such civilizations 
release detectable signals into space

L

10

1
1N=10



Thank you!	



