
Last	  Time:	  Planet	  Finding	  

•  Radial	  velocity	  method	  
•  Parent	  star’s	  Doppler	  

shi7	  
•  Planet	  minimum	  mass,	  

orbital	  period,	  semi-‐
major	  axis,	  orbital	  
eccentricity	  

•  UnAl	  Kepler	  Mission,	  
was	  the	  method	  with	  
the	  most	  planets	  



Last	  Time:	  Planet	  Finding	  
•  Transits	  –	  eclipse	  of	  the	  parent	  star:	  

•  Planetary	  radius,	  orbital	  period,	  semi-‐major	  axis	  
•  Now	  the	  most	  common	  way	  to	  find	  planets	  



Last	  Time:	  Planet	  Finding	  
•  Direct	  Imaging	  

•  Planetary	  brightness,	  distance	  from	  parent	  star	  at	  
that	  moment	  

•  About	  10	  planets	  detected	  



Last	  Time:	  Planet	  Finding	  

•  Lensing	  
•  Planetary	  mass	  

and,	  distance	  
from	  parent	  star	  
at	  that	  moment	  

•  You	  want	  to	  
look	  towards	  
the	  center	  of	  
the	  galaxy	  
where	  there	  is	  a	  
high	  density	  of	  
stars	  



Last	  Time:	  Planet	  Finding	  

•  Astrometry	  
•  Tiny	  changes	  in	  
star’s	  posiAon	  are	  
not	  yet	  
measurable	  

•  Would	  give	  you	  
planet’s	  mass,	  
orbit,	  and	  
eccentricity	  



One	  more	  important	  thing	  to	  add:	  

•  Giant	  planets	  (which	  are	  easiest	  to	  detect)	  are	  preferenAally	  found	  
around	  stars	  that	  are	  abundant	  in	  iron	  –	  “metallicity”	  
•  Iron	  is	  the	  easiest	  heavy	  element	  to	  measure	  in	  a	  star	  
•  Heavy-‐element	  rich	  planetary	  systems	  make	  planets	  more	  easily	  



13.2 The Nature of Extrasolar Planets 

Our goals for learning: 
•  What have we learned about extrasolar 

planets? 
•  How do extrasolar planets compare with 

planets in our solar system? 
 







Measurable Properties 

•  Orbital period, distance, and orbital shape 
•  Planet mass, size, and density 
•  Planetary temperature 
•  Composition 



Orbits of Extrasolar Planets 

•  Nearly all of the 
detected planets have 
orbits smaller than 
Jupiter’s. 

•  This is a selection 
effect: Planets at 
greater distances are 
harder to detect with 
the Doppler 
technique. 

 



Orbits of Extrasolar Planets 
•  Orbits of some 

extrasolar planets are 
much more elongated 
(have a greater 
eccentricity) than 
those in our solar 
system. 

•  Highest is e=0.93 
•  Our solar system 

seems to be 
exceptional, with 
small eccentricities 

 



HD80606b: 
The “cometary” hot Jupiter 
e=0.93 
P = 111 days 



Multiple-Planet Systems 

•  Planets like 
to be with 
other planets 

•  Best place to 
find a planet 
is around a 
star where 
you already 
have detected 
a planet. 

 



Orbits of Extrasolar Planets from 
Radial Velocity 

•  Most of the detected 
planets have greater 
mass than Jupiter. 

•  Planets with smaller 
masses are harder to 
detect with Doppler 
technique. 

 



How do extrasolar planets compare 
with planets in our solar system? 



There is an 
incredibly 
diversity of 
worlds 



Surprising Characteristics 

•  Some extrasolar planets have highly elliptical 
orbits. 

•  Some massive planets, called hot Jupiters, 
orbit very close to their stars. 

•  There are classes of planets that do not exist in 
the solar system:  1-15 Earth Masses 

•  “Super Earths” or “Mini Neptunes”? 



Hot Jupiters 



How	  do	  astronomers	  look	  for	  planets	  
whose	  orbits	  might	  cause	  them	  to	  

pass	  in	  front	  of	  a	  star	  outside	  our	  solar	  
system?	  

A.  They	  look	  for	  a	  small	  black	  dot	  passing	  in	  front	  
of	  the	  star.	  

B.  The	  look	  to	  see	  if	  the	  star's	  posiAon	  shi7s	  or	  
"wobbles"	  slightly	  in	  the	  sky.	  

C.  The	  measure	  the	  star's	  brightness,	  and	  look	  for	  
periodic	  dimming	  (transits).	  



How	  do	  astronomers	  look	  for	  planets	  
whose	  orbits	  might	  cause	  them	  to	  

pass	  in	  front	  of	  a	  star	  outside	  our	  solar	  
system?	  

A.  They	  look	  for	  a	  small	  black	  dot	  passing	  in	  front	  
of	  the	  star.	  

B.  The	  look	  to	  see	  if	  the	  star's	  posiAon	  shi7s	  or	  
"wobbles"	  slightly	  in	  the	  sky.	  

C.   The	  measure	  the	  star's	  brightness,	  and	  look	  for	  
periodic	  dimming	  (transits).	  





A “Transmission Spectrum” 



A “Transmission Spectrum” 
At	  wavelengths	  
where	  the	  planet’s	  
atmosphere	  is	  more	  
opaque,	  the	  planet	  
blocks	  more	  of	  the	  
parent	  star’s	  light,	  so	  
the	  planet	  actually	  
looks	  lightly	  physical	  
larger	  





Taking	  the	  
Temperature	  
of	  Planets	  

•  Watch	  a	  planet	  disappear	  
and	  reappear	  behind	  its	  
parent	  stars	  

•  What	  temperature	  would	  
the	  planet	  be	  emi\ng	  at	  to	  
cause	  that	  much	  light	  to	  be	  
lost?	  

•  Can	  measure	  the	  amount	  
of	  light	  lost	  as	  a	  funcAon	  of	  
wavelength	  to	  build	  up	  an	  
emission	  spectrum	  of	  the	  
planet	  



Taking	  the	  
Temperature	  
of	  Planets	  

•  This	  has	  been	  observed	  for	  
about	  40	  planets	  

•  Can	  also	  look	  for	  reflected	  
light	  

•  Has	  been	  seen	  for	  a	  
few	  planets	  

•  Very	  li`le	  reflected	  
light	  as	  there	  is	  very	  
li`le	  cloud	  material	  

•  Tres-‐2b:	  	  visible	  albedo	  =	  
0.025	  





Learning Even More 
from Transiting Planets 

•  Stare	  at	  the	  planet	  +	  star	  for	  
half	  of	  an	  orbit	  

•  Build	  up	  a	  temperature	  “map”	  
as	  a	  funcAon	  of	  longitude	  	  

•  No	  laAtude	  informaAon	  



Surface Temperature Map 

•  Measuring the change in infrared brightness during an 
orbit enables us to map a planet’s surface temperature. 

•  Similar maps for about 10 planets 
•  Strong evidence for fast west-to-east winds 



Even Better:  Eclipse Mapping 



• Jupiter, 1969 
• HD 189733b, 2008 

40 years behind… 

CH4 CH4 Gillett et al. (1969) 

•  We are able to again do the initial 
reconnaissance of worlds, like was 
done in the 1960s-1970s, but now 
with a MUCH larger sample size 

HD189733b 

Swain et al. (2009) 

Grillmair et al. (2008) 

Jupiter 

HD 189733b 



Super Earth or Mini Neptune? 
 
 
 
 
 
 
 
The unknown 1-15 Mearth Planets 



A	  lot	  of	  low-‐mass	  planets	  are	  not	  
made	  of	  rock	  and	  iron	  



There	  is	  a	  problem	  of	  “degeneracy”	  in	  
composiAon:	  mass	  and	  radius	  is	  not	  enough	  



The	  trends	  in	  planetary	  density	  



What have we learned? 
•  What have we learned about extrasolar 

planets? 
– Detected extrasolar planets are generally 

much more massive than Earth. 
– They tend to have orbital distances smaller 

than Jupiter’s. 
– Some have highly elliptical orbits. 
– We can use the star’s light to enable studies of 

atmospheric composition 
– Planetary bulk density can tell us much about 

composition 



13.3 The Formation of Other Solar Systems 

Our goals for learning: 
•  Can we explain the surprising orbits of many 

extrasolar planets? 
•  Do we need to modify our theory of solar 

system formation? 
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Fig. 7.— Average number of planets per size bin for main se-
quence FGKM stars, determined here from the Q1–Q6 Kepler data
and corrected for false positives and incompleteness.

6.4. Super-Earths (1.25–2R!)

According to our simulations the overall average num-
ber of super-Earths per star out to periods of 145 days is
close to 30%. The distribution of host star masses for the
super-Earths is shown in Figure 8. While there is a hint
that planets of this size may be less common around M
dwarfs than around hotter stars, a K-S test indicates that
the simulated and real distributions are not significantly
di!erent (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25R!)

As indicated in Table 3, the overall rate of occurrence
(average number of planets per star) we find for Earth-
size planets is 18.4%, for orbital periods up to 85 days.
Similarly to the case for larger planets, our simulated
population of false positives and Earth-size planets is a
good match to the KOIs in this class, without the need
to invoke any dependence on the mass of the host star
(see Figure 9).
Among the Earth-size planets that we have randomly

assigned to KIC target stars in our simulations, we find
that approximately 23% have SNRs above 7.1, but only
about 10% would be actually be detected according to
our ramp model for the Kepler recovery rate. These
are perhaps the most interesting objects from a scientific
point of view. Our results also indicate that 12.3% of the
Earth-size KOIs are false positives (Table 1). This frac-
tion is small enough to allow statistical analyses based
on the KOI sample, but is too large to claim that any
individual Earth-size KOI is a bona-fide planet without
further examination. Ruling out the possibility of a false
positive is of critical importance for the goal of confi-
dently detecting the first Earth-size planets in the hab-
itable zone of their parent star.
On the basis of our simulations we may predict the

kinds of false positives that can most easily mimic an
Earth-size transit, so that observational follow-up e!orts
may be better focused toward the validation of the plane-
tary nature of such a signal. Figure 10 shows a histogram
of the di!erent kinds of false positives that result in pho-

Superearths (1.25 - 2 REarth)

666 KOIs, FPR = 8.8 %

KOIs (Batalha et al. 2012)

Simulated False Positives
Simulated FP + planets

KS prob = 4.9 %

(p
e

r 
0

.1
 M

   
-b

in
)

Fig. 8.— Similar to Figure 4, for super-Earths.

tometric signals similar to Earth-size transiting planets,
as a function of their magnitude di!erence compared to
the Kepler target.
There are two dominant sources of false positives for

this class of signals. One is background eclipsing bi-
naries, most of which are expected to be between 8
and 10 magnitudes fainter than the Kepler target in
the Kp passband, and some will be even fainter. The
most e!ective way of ruling out background eclipsing
binaries is by placing tight limits on the presence of
such contaminants as a function of angular separation
from the target. In previous planet validations with
BLENDER (e.g., Fressin et al. 2011; Cochran et al. 2011;
Borucki et al. 2012; Fressin et al. 2012) the constraints
from ground-based high-spatial resolution adaptive op-
tics imaging have played a crucial role in excluding many
background stars beyond a fraction of an arcsec from the
target. However, these observations typically only reach
magnitude di!erences up to 8–9 mag (e.g., Batalha et al.
2011), and such dim sources can only be detected at
considerably larger angular separations of several arc-
sec. Any closer companions of this brightness would be
missed. Since background eclipsing binaries mimicking
an Earth-size transit can be fainter still, other more pow-
erful space-based resources may be needed in some cases
such as choronography or imaging with HST.
Another major contributor to false positives, accord-

ing to Figure 10, is larger planets transiting a physically

The frequency of planets within 85 days of Sun-like stars  
 

Fressin et al. (2013) Based on ~2300 planet candidates  
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Fig. 16.— Planet occurrence rate as a function of planet ra-
dius for all candidates (black) and candidates with orbital periods
shorter than < 10 days (green) or between 10 ! 50 days (purple).
The error bars indicate the errors from binomial statistics and do
not include errors from the stellar and planetary radius estimates.

by the Kepler data. Since Kepler is observing few mid-
M dwarfs, the median temperature for the cool star group
is 3520K and only 26% of the stars in the cool group have
temperatures below 3400K. The estimated occurrence
rate for the cool star group is therefore most indicative
of the occurrence rate for stars with e!ective tempera-
tures between 3400K and 3723K. Further observations
of a larger sample of M dwarfs with e!ective tempera-
tures below 3300K are required to constrain the planet
occurrence rate around mid- and late-M dwarfs.

5.5. The Habitable Zone

The concept of a “habitable zone” within which life
could exist is fraught with complications due to the in-
fluence of the spectrum of the stellar flux and the com-
position of the planetary atmosphere on the equilibrium
temperature of a planet as well as our complete lack of
knowledge about alien forms of life. Regardless, for this
paper we adopt the conventional and näıve assumption
that a planet is within the “habitable zone” if liquid wa-
ter would be stable on the surface of the planet. For
the 64 host stars in our sample, we determine the po-
sition of the liquid water habitable zone by finding the
orbital separation at which the insolation received at the
top of a planet’s atmosphere is within the insolation lim-
its determined by Kasting et al. (1993) for M0 dwarfs.
Kasting et al. (1993) included several choices for the in-
ner and outer boundaries of the habitable zone. For this
paper we adopt the most conservative assumption that
the inner edge of the habitable zone is the distance at
which water loss occurs due to photolysis and hydrogen
escape (0.95 AU for the Sun) and the outer edge as the
distance at which CO2 begins to condense (1.37 AU for
the Sun).
For M0 dwarfs, these transitions occur when the inso-

lation at the orbit of the planet is Finner = 1.00F! and
Fouter = 0.46F!, respectively, where F! is the level of
insolation received at the top of the Earth’s atmosphere.
These insolation levels are 9% and 13% lower than the
insolation at the boundaries of the G2 dwarf habitable

zone because the albedo of a habitable planet is lower
at infrared wavelengths compared to visible wavelengths
due to the wavelength dependence of Rayleigh scatter-
ing and the strong water and CO2 absorption features in
the near-infrared. Additionally, habitable planets around
M dwarfs are more robust against global snowball events
in which the entire surface of the planet becomes cov-
ered in ice because increasing the fraction of the planet
covered by ice decreases the albedo of the planet at near-
infrared wavelengths and therefore causes the planet to
absorb more radiation, heat up, and melt the ice. This
is not the case for planets orbiting Sun-like stars because
ice is highly reflective at visible wavelengths and because
the stellar radiation peaks in the visible.
We contemplated using the analytic relations derived

by Selsis et al. (2007) for the dependence of the bound-
aries of the habitable zone on stellar e!ective tempera-
ture, but the coe"cients for their outer boundary equa-
tion were fit to the shape of the maximum greenhouse
limit. The analytic relations derived by Selsis et al.
(2007) therefore overestimate the position of the edge
of the habitable zone for our chosen limit of the first
condensation of CO2 clouds. Additionally, the equations
provided in Selsis et al. (2007) are valid only for 3700K!
Te! ! 7200K because Kasting et al. (1993) calculated
the boundaries of the habitable zone for stars with
temperatures of 3700K, 5700K, and 7200K. Selsis et al.
(2007) deals with the lower temperature limit by assum-
ing that the albedo of a habitable planet orbiting a star
with a temperature below 3700K is su"ciently similar to
the albedo of a habitable planet orbiting a 3700K star
that the insolation limits of the habitable zone are un-
changed. In this paper, we extend the Selsis et al. (2007)
approximation to use constant insolation limits for all of
the stars in our sample. Given the uncertainties inher-
ent in defining a habitable planet and determining the
temperatures of low-mass stars, our assumption of con-
stant insolation boundaries should not have a significant
e!ect on our final result for the occurrence rate of rocky
planets in the habitable zones of M dwarfs.

5.6. Planet Candidates in the Habitable Zone

As shown in Figure 17, the habitable zones for the
64 host stars in our final sample of dwarfs cooler than
4000K fall between 0.08 and 0.4 AU, corresponding to
orbital periods of 17 " 148 days. Figure 17 displays the
semimajor axes of all of the planet candidates and the
positions of the habitable zones around their host stars.
Nearly all of the planet candidates orbit closer to their
host stars than the inner boundary of the habitable zone,
but two candidates (KOIs 1686.01 and 2418.01) orbit be-
yond the habitable zone and two candidates (KOI 250.04
and 2650.01) orbit just inside the inner edge of the hab-
itable zone. Three candidates fall within our adopted
limits: KOIs 854.01, 1422.02, and 2626.01. These candi-
dates are identified by name in Figure 17 and have radii
of 1.69, 0.92, and 1.37R!, respectively. A full list of
the stellar and planetary parameters for the three candi-
dates in the habitable zone and the candidates near the
habitable zone is provided in Table 2.
The lateral variation in the position of the habitable

zone at a given stellar e!ective temperature is due to
the range of metallicities found for the host stars. At
a given stellar e!ective temperature, stars with lower

The frequency of planets within 50 days of M stars 

1.5 planets per M star 
within ~80 days 



Can we explain the surprising orbits of 
many extrasolar planets? 



Revisiting the Nebular Theory 

•  The nebular theory predicts that massive 
Jupiter-like planets should not form inside the 
frost line (at << 5 AU). 

•  The discovery of hot Jupiters has forced 
reexamination of nebular theory. 

•  Planetary migration or gravitational 
encounters may explain hot Jupiters. 

•  Even relatively small planets may be able to 
accrete H/He envelopes from the nebula 



Planetary Migration 

•  A young planet’s 
motion can create 
waves in a planet-
forming disk. 

•  Models show that 
matter in these waves 
can tug on a planet, 
causing its orbit to 
migrate inward. 

 



Gravitational Encounters 

•  Close gravitational encounters between two 
massive planets can eject one planet while 
flinging the other into a highly elliptical orbit. 
– One gets tossed in and is circularized by tides 
– One gets tossed out 

•  Multiple close encounters with smaller 
planetesimals can also cause inward migration. 



Orbital Resonances 

•  Resonances between 
planets can also cause 
their orbits to become 
more elliptical. 

 



Do we need to modify our theory of 
solar system formation? 



Modifying the Nebular Theory 

•  Observations of extrasolar planets have 
shown that the nebular theory was 
incomplete. 

•  Effects like planetary migration and 
gravitational encounters might be more 
important than previously thought. 


