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•  Exoplanet science in a historical context 
•  Exoplanet science today 
•  Solar System context 
•  Exoplanet science today, in a little more detail 
•  Orbital resonance 
•  Intro to planet formation 

Talk Outline 

Exoplanet: A planet orbiting a star other than the Sun 
 
Planet: Less massive than a star, more massive than a 
planetesimal. 
•  No internal nuclear burning, ever (but may be self-

luminous from gravitational contraction). 
•  Shaped by gravity (spherical) rather than agglutination. 
•  Formed in protoplanetary disk. 
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Exoplanet Science- A Historical 
Context 
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Paleohistory of Exoplanet Science:  

“This space we declare to be infinite... In it are 
an infinity of worlds of the same kind as our 
own.” 

- De l'infinito universo et mondi (1584) 

"And if the fixed stars are the centres of similar 
systems, they will all be constructed according 
to a similar design and subject to the dominion 
of One.".” 

- Principia, 2nd Edition (1713) 

•  Newton (1713) asserts that exo-solar 
systems will not only harbor exo-Earths, but 
will be identical to the Solar System. 

•  Struve (1952) argues that there is no reason 
exoplanets should not be much closer to a 
host star than Mercury is to the Sun.  

•  Further proposes that super-Jupiters in 
close orbits should be detectable by Doppler 
spectroscopy of host star and forground 
extinction during transits.  

The Observatory, 72, 1952 

“But there seems to be no compelling reason 
why hypothetical stellar planets should not, in 
some instances, be closer to their parent stars 
than is the case in the solar system [sic].” 

The Observatory, 72, 1952 

•  Giordano Bruno (1584) speculates on the 
inevitability that Earth-like exoplanets must 
exist.  
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Lost in the Wilderness 

“K. A. Strand’s discovery of a planet-like 
companion in the system 61 Cygni ” 

-The Observatory, 72, 1952 
 

•  Campbell et al. (1988 -  Ceph) & Latham et al. 
(1989 - HD114762) finally discover exoplanets, 
but data is not definitive and confirmation not 
made for 2 decades. 

•   In the 1950’s & 60’s Peter van de Kamp make 
the claims Barnard’s star hosts 1.1 M  &0.8 M  
exoplanets. Subsequently disproved. 

•  In the Observatory article, Struve asserts 
exoplanets have been discovered. 61  Cyg 
planet was 16 M  “discovered” by photographic 
astrometry. 

There is, then, some positive evidence in favour 
of the existence of a planetary body in connexion 
with this system, enough for us to pronounce it 
highly probable  

MNRAS, 1855 

Astronomical Journal, 74, 1969 

•   W.S. Jacob ”discovers” a spurious planet 
orbiting 70 Oph by visually astrometry from the 
Madras Observatory. Rejected on stability 
grounds and later observationally. 
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The Watershed  

•  1999 -  And is found to be a multiple star 
system (Lissauer). 

•  1995  Mayor & Queloz discover first 
exoplanet orbiting a main-sequence star  
51 Peg b by precision radial velocity 
measurement. It is a hot Jupiter, but the 
mass measurement is degenerate by 
factor  m Sin(i). 

•  1992 - Wolszczan & Frail discover several 
Earth-mass planets orbiting pulsar PSR 
B1257+12 by pulsar timing. 

•  1999  β Pic b, Fomalhaut b & 
HR8977 b,c,d & e are imaged. 

•  1999  Charbonneau et al. & Henry et al. 
detect transit of HD408458b. The radius of 
an exoplanet is measured. Mass (not m 
Sin(i)) is measured by PRV. 

•  2003  Exoplanets are discovered by 
microlensing (OGLE 2003-BLG-235) 
by OGLE & MOA teams. 

•  2009  Kepler mission launches and 
the “Kepler deluge” begin ~year later. 
Today radii of > 4000 Kepler 
exoplanet candidates measured. 

•  2014  Kepler Discovers first Earth-
sized, habitable-zone (HZ) planet 
Kepler-186f. 
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•  2016  Trappist 1 system has multiple 
HZ planets (3). 
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Exoplanet Science Today 
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The Catalogue of Exoplanets is Now Very Large 
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Small exoplanets exist: Kepler 37 

Many exoplanets are extremely small 

Many exoplanets with radii smaller than the Earth have been discovered, 
however their masses cannot be measured with currently available telescopes. 
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Many exoplanets have been discovered within the exoplanetary Habitable Zones 
(HZ’s) where the surface temperature is “right” for water to be liquid (not vapor or 
solid).   
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Trappist-1 System •  Spectral Type: M8V 
•  MV ~ 18.8 
•  7 terrestrial, temperate planets 
•  3 (e,f,g) in habitable zone 
•  Nearest neighbor resonances:    

 

Gillon, Benkhaldoun et al., 2016, Nature, 533, 221 

Not All Interesting Exoplanets are Discovered by Space Missions 
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Poppenhager, Schmitt & Wolk, (2013), ApJ, 773, 62. 

Trappist North, Oukaïmden Observatory, Morocco 
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Y-Star 

Star Mass 

GL 229A 607 M  (0.58 M ) 

Teide 1 57 M  

GL 229B 21 – 52 M  

Wise 1828 5-20 M  

M1-Star 

M8-Star 
T7-Star 

Planets vs. Stars: Stars Don’t Burn Nuclear Fuel 
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Planets vs. Stars: Stars Have Disks, Planets Form in Them 

HL Tau
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Planets vs. Planetesimals: Planets are Spherical, Planetesimal May Not Be 

If Pluto is Spherical, Why is it a Planetesmial? 

Ida 

Gravity dominates the morphology of planets. 

Pluto Earth 
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A Solar System Context for Exoplanet Science 
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 The “old” Solar system, i.e. the 9 planets we knew on October 5, 1995 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

Johann Daniel Titius 
1729 - 1796 

Johann Elert Bode 
1749 – 1826) 

•  With such a small sample, planetary science was (mostly) reduced to 
numerology for 2 ½ centuries  

•  Bode’s (really Titius’) “law”: 
•  a = 4 + x  (a = orbital semimajor axis) 
•  Scaled to aEarth= 10 
•  x = 0, 3, 6, 12, 24, 48 for other planets 

•  “Mysterious” doubling of values. 

See Murray & 
Dermont Solar 
System 
Dynamics for 
extended 
discussion of 
likelihood of 
Bode’s law 

 

Bode’s “Mysterious” Law 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

Mayor and Queloz Explode Planetary Science 
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If M⨁ =1,    M  = 0.05 < MSSPlanets < M  = 300 
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Rocky 
Planets 

Rocky 
Planets 
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Rocky 
Planets 

Rocky 
Planets Gas Giants 
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Rocky 
Planets 

Rocky 
Planets Gas Giants Ice Giants 
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X  
5 
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+ Styx, Pix, 
Kerberos & 
Hydra 
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Even Planeteismals Have Moons - 243 Ida and Moon Dactyl 
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Big planets have lots of 
satellites.  

Small planets do not. 

X  
5 
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Virtually every spin configuration is present – prograde, 
retorgrade, angular momentum parallel and perpendicular to 
orbital plane .. 
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W 
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•  Rocky planets are all inside ~1.5 AU.  
•  Gas giants @ ~5 AU or greater? 
•  Gas giants must form beyond the “Ice/

Snow Line” where water, ammonia, 
methane, CO2, &c. freeze out 
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W 
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W 
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W 
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W 
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Pluto is “different” 
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Pluto is Demoted 

•  Eris discovery in 2005 – 27% more massive than Pluto 
•  2006 – IAU definition of a planet excludes Pluto, now a minor planet 
•  New Horizons (2016) probe imagery shows rich, complex topography 
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New Horizons Shows Pluto Also Has An Atmosphere 
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TNOs Have A Wide Range of Eccentricities& Incliantions 
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Asteroid “Live” Between Jupiter and Mars 
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Asteroid Belt Taxonomy 
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A Migration History of the Solar System 
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The Oort Cloud is an Unseen Swarm of Comets 

Comets supplies water to Earth during “Grand Tack” in the “Grand Tack” model 
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The Space b The Space Between the Stars 
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Exoplanet Science Today, in a Little More Detail 
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Pluto Kicked Our of Planet Club 

•  2006 – IAU definition of a planet excludes Pluto, now a minor planet 
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But is there another Planet 9? 
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Caption 
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A Least One Solar System Object is a “Visitor” 

•  Oumuamau 
•  Orbital ccentricity 1.2 > Parabolic (1.0) 
•  No cometary tail 
•  Very low albedo 

•  Light curve indicates tumbling 
•  Multiperiodic and variable amplitude 
•  Not rotating about principle axis 
•  Aspect ratio ~ 10:1 
•  230 m × 35 m × 35 m 
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The Kepler Mission has Discovered Most of the Known Exoplanets 

Kepler “Stared” at a ~1002 deg field of view for ~3 years 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

Where Kepler Searched 

~1.2 million stars in the Kepler Field 
~120,000 monitored by Kepler 
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Pre-Kepler Exoplanet Discoveries Post-Kepler Exoplanet Discoveries Kepler only measure the radius of an exoplanet 
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Kepler only measure the radius of an exoplanet 
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Most Exoplanets are Earth size, many in habitable zone. 

Dressing & Charbonneau, 2013, ApJ, 767, 95 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

Extreme Exoplanets 

Planet Characteristic 

HD10180 System System with most exoplanets (  7 planets, = 9?) 

Kepler 64 b In circumbinary orbit with 4 star system 

NY Virginis b Jupiter mass planet orbiting binay with B dwarf 

HD 208527 b Host star is a M1III red giant 

HD 106906 b 650 AU from host star (Pluto 49.3 at aphelion) 

V830 Tau b Orbits 2 million year old T Tauri star (Youngest Host Star) 

GJ 1214 b  ”Waterworld” 
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Ternary (“Toblerone”) Representation of Density and Composition 

Composition seems to determine radius and mass, or vice versa. 
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The Earth is a Rocky Exoplanet 
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MARS is a Rocky Exoplanet TOO 
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The Earth is not “Wet” 
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 The Search for Earth 2.0 

No “true” analogue has been found to date. 
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”Gas Bag” Planets (Jupiters) and Water Worlds 
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Neptune is a Frozen Waterworlds 
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Gliese 436b is a Liquid Waterworld 

Stellar Type M2.5V  

Orbital Period 2.64d 

Orbital Radius 0.0291 AU  

Mass 22.2 M⨁ 

Radius 4.33 R⨁ 

Temperature 712K 
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Jupiter is Mostly Metallic Hydrogen 
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The first exoplanet was a Jupiter analogue! 

51 Peg b  is a Jupiter Analogue 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

Rocky 
Planets 

Rocky 
Planets 

Gas Giants Ice Giants 
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•  Rocky planets are all inside ~1.5 AU.  
•  Gas giants @ ~5 AU or greater? 
•  Gas giants must form beyond the “Ice/

Snow Line where water, ammonia, 
methane, CO2, &c. freeze out 

What is a gas giant doing in a 4 day period? 
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Hot vs. Cold Jupiters 

Hot Jupiters like HD18977 - b and WASP-12b are probably evaporating 
HD189733-b 

Period 2.22 d 
Orb. 
Rad. 

0.03 AU 

Temp 1117 K 

WASP-12b 

Period 1.09 d 

Orb. 
Rad. 

0.023 AU 

Temp 2525 K 

Mercury 

Period 2.22 d 
Orb. 
Rad. 

0.466 AU 

Temp ~350 K 

Jupiter 
Period 1,680 d 

Orb. Rad. 2.8 AU 

Temp Complicated 
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The Exoplanet ”Ice Line” 

Artist’s impression of a protoplanetary disk with 
warm inner circle of dust and outer ring of “snow” 

Warm dust 

Ice and snow 



IAG/USP XVIII  GMT Science and Instrumentation  ASz 26 Feb 2018 

A Migration History of the Solar System 
•  Jupiter had to be made outside 

the Ice Line 

•  Jupiter ended up outside the Ice 
Line 

•  But there is strong evidence that 
Jupiter migrated well within the Ice 
Line 

•  Hot Jupiters end up here 

•  But the have to be born here 

•  The process of planetary 
migration is mysterious, but 
seems inevitable 
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The Solar System Grand Tack in Manga 
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But Dynamical Interations Are Important Too 

Let’s simply play the game! 
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http://www.stefanom.org/spc/ 
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A Paradigm-Shifting Exoplanet System  Trappist-1 

Spectral Type M8V 

Evolutionary Type Main Sequence 

Apparent V Magnitude 18.8 

Distance 12.1 pc 

Mass 0.08 M  

Radius  0.114 R  

Temperature 2550K 

Age 3-8 Gyr 

Flares & Spot 
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Trappist-1 in the The HR Diagram 

Trappist-1 
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Trappist-1 Has 3 Planets in Its Habitable Zone! 
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Mean Motion Resonance (MMR) ”Herds” the Asteroid Belt 
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Mean Motion Resonance: The Asteroid Movie 
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MMR  Multiples of Small Integers 
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The relative orbital periods (proceeding outward) approximate whole integer ratios of: 
               24/24, 24/15, 24/9, 24/6, 24/4, 24/3, and 24/2, respectively,  
or nearest-neighbor period ratios of about:  
               8/5, 5/3, 3/2, 3/2, 4/3, and 3/2 (1.603, 1.672, 1.506, 1.509, 1.342, and 1.519) 

Resonances in Trappist-1 Are Very Complex! 
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•  The star nearest the Sun hosts an exoplanet 
•  It is conceivable to send probes to that planet 

The Nearest Star Hosts Exoplanets 
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Nature, 2012,491, 207 N t 2012 491 207
Anglade-Escude et al (2016) Nature, 536, 437.  

Probably spurious . 
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Proxima Cen in the The HR Diagram 

~3000K 
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* T of Quartz-Halogen Lamp is 3100K 

Sunset at your beach house on Proxima Cen b 
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