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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
different (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 efforts
may be better focused toward the validation of the plane-
tary nature of such a signal. Figure 10 shows a histogram
of the different kinds of false positives that result in pho-
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Fig. 8.— Similar to Figure 4, for super-Earths.

tometric signals similar to Earth-size transiting planets,
as a function of their magnitude difference 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 effective 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 differences 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

Features in the radius distribution smeared out due to 40% radius errors

Fressin et al. (2013)
Petigura et al. (2013)
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The California-Kepler Survey
• Keck/HIRES spectra of  

1305 stars hosting 2025 planet candidates 

• Core-sample: magnitude limited 
(Kp < 14.2) (N✶ = 960) 

• High resolution:  R ~ 50,000 

• Enables measurement of vsini 

• High SNR 

• Precision spectroscopy 

• Searches for faint SB2  

• All spectra and parameters are public 
astro.caltech.edu/~howard/cks

Petigura, Howard, et al. (2017)
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The Radius Gap
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The Radius Gap
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The Radius Gap
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The Radius Gap
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USPs (P < 1 d)
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A Plausible Explanation for 
the Gap



 0.3/0.7 Fe/MgSiO3 +0.2% H/He +2% H/He +10% H/He

Fulton, Petigura, et al. (2017)BJ Fulton          ExSoCal 2017



+20% H/He

~5 Me Core

Fulton, Petigura, et al. (2017)
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Photoevaporation



+2% H/He

~5 Me Core

Fulton, Petigura, et al. (2017)
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Photoevaporation



+0.5% H/He

~2 Me Core

Fulton, Petigura, et al. (2017)
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~0.0% H/He

~2 Me Core

Fulton, Petigura, et al. (2017)
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Photoevaporation
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Photoevaporation
Fulton, Petigura, et al. (2017)
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Owen & Wu (2017)
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Implications  

• Most common core mass is ~3 Me 

•Earth-like composition 
(water-poor) 

• Large scale migration after  
100 Myr is uncommon

Observations

Model



Summary

• Precision spectroscopy for 
2025 KOIs 

• Gap in the radius distribution 
between 1.5—2.0 Re 

• Two size classes for small 
planets 

• Small, close-in planets are 
composed of rocky cores with 
varying amounts of low-density 
gas

Fulton, Petigura, et al. (2017)
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Backup Slides



The California-Kepler Survey

σTeff (Q16) = 156 K 

σTeff (CKS) = 60 K

σlogg (Q16) = 0.17 dex 

σlogg (CKS) = 0.10 dex

σM/M (Q16) = 14% 

σM/M (CKS) = 5%

σR/R (Q16) = 39% 

σR/R (CKS) = 10%

BJ Fulton          ExSoCal 2017



Stellar Radii 
Q16

X =

X =
Transit Depth 

Q16
Planet Radii 

Q16
CKS CKS

Johnson, Petigura, Fulton et al. (2017); Fulton, Petigura, et al. (2017)

RP/R✶ R✶ RP
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Remove false positives

Keep bright stars 
(Kp < 14.2)

Low impact parameters 
(b < 0.7)

Short orbital periods 
(P < 100 d)

Remove evolved stars

4700 < Teff < 6500 K

Q16

Fulton, Petigura, et al. (2017)BJ Fulton          ExSoCal 2017



The Radius Gap
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Flux Dependency
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low 
completeness
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Flux Dependency

low 
completeness
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phoevaporation dominates
gas-poor formation

Lopez and Rice (2016)
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The California-Kepler Survey
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Magnitude Cut

Consistent 
(97% confidence)

Not consistent



Completeness Corrections
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Completeness Corrections
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Completeness Corrections
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Lopez et al. (2014)
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Previous Occurrence Studies

• Howard et al. (2012)  
Planet Occurrence Within 0.25 AU 
of Solar-Type Stars from Kepler 

• Petigura et al. (2013)  
Prevalence of Earth-size planets 
orbiting Sun-like stars 

• Morton et al. (2014)  
The Radius Distribution of Planets 
Around Cool Stars 

• Owen & Wu (2014) 
Kepler Planets: A Tale of 
Evaporation








