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Planet Occurrence from Kepler

Observed Planets Intrinsic Planet Distribution

     Correct for: • Inclined orbital planes
   • Photometric noise

         Assume: • 100% complete planet search to SNR threshold
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Howard et al. (2012; updated)



Howard et al. 2010, Science, 33, 653

Planet Mass Distribution
Eta-Earth Survey (Doppler)

Howard et al. 2012, ApJ, 330, 653

Planet Radius Distribution
Kepler
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Key Planet Occurrence 
Trends for GK dwarfs 

stars from Kepler

Small planets  
prefer  

small stars

Howard et al. 2012, ApJ, 330, 653

Occurrence vs. period:  
cut-off power law

Small planets 
are common



Kepler Planet Occurrence

14

Source of detection incompleteness:
• shot noise - SNR (easy to correct)
• transit geometry (easy to correct)
• pipeline incompleteness (hard to assess)

Detection Completeness Studies
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Kepler Planets

How do we measure the  
prevalence of Earth Analogs?

    1. More photometry (4 yr; Q1-Q15)
    2. Custom planet-detection pipeline (TERRA):

a. independent planet catalog
b. injection-and-recovery tests

 c. false positive vetting
d. spectroscopic follow-up

Erik Petigura



Time domain preprocessing 

-Start with raw photometry

-Gaussian process detrending

-Calibration

-Petigura & Marcy 2012

Transit search 

-Matched filter

-Similar to BLS algorithm (Kovcas+ 02)

-Leverages Fast-Folding Algorithm 
(Staelin+ 68; Petigura+ 13, in prep)

Data validation 

-Significant peaks in periodogram, but 
inconsistent with exoplanet transit

TERRA – optimized for small planets

Detrended/calibrated photometry
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Time domain preprocessing 

-Start with raw photometry

-Gaussian process de-trending

-Calibration

-Petigura & Marcy 2012

Transit search 

-Matched filter

-Similar to BLS algorithm (Kovacs+ 02)

-Leverages Fast-Folding Algorithm 
(Staelin+ 68; Petigura+ 13, in prep)

Data validation 

-Significant peaks in periodogram, but 
inconsistent with exoplanet transit

TERRA – optimized for small planets

Transit Period [days]

depth = 180 ppm      P = 10.4 days

Transit Periodogram

SN
R

10 20 30 40

Earth-size planet found

SNR = 30



10

5 10 20 30 40 50 100 200 300 400
Orbital period (days)

0.5

1

2

3

4
5

10

20
Pl

an
et

 s
iz

e 
(E

ar
th

-ra
di

i)

0
10
20
30
40
50
60
70
80
90
100

Su
rv

ey
 C

om
pl

et
en

es
s 

(C
) %

Fig. 1 Two-dimensional domain of orbital period and planet size, on a logarithmic scale. Red circles show the 603 detected
planets in our survey of 42,557 bright, Sun-like stars (Kp = 10–15 mag, GK spectral type). The color scale shows survey
completeness measured by injection and recovery of synthetic planets into real photometry. Dark regions represent (P ,RP )
with low completeness, C, where significant corrections for missed planets must be made to compute occurrence. The most
common planets detected have orbital P < 20 days and RP ⇡ 1–3 R� (at middle-left of graph). But their detectability is
favored by orbital tilt and detection completeness, C, that favors detection of such close-in, large planets.

Table 1 Occurrence of Small Planets the Habitable Zone

HZ Definition a
inner

a
outer

FP,inner

FP,outer

fHZ

Simple 0.5 2 4 0.25 22%
Kasting (1993) 0.95 1.37 1.11 0.53 5.8%
Kopparapu et al. (2013) 0.99 1.70 1.02 0.35 8.6%
Zsom et al. (2013) 0.38 ... 6.92 ... 26%⇤

Pierrehumbert & Gaidos (2011) ... 10 ... 0.01 ⇠50%⇤†

⇤ If a model does not quote an inner or outer edge, we adopt boundaries from the “Simple” model
† Extrapolation out to 10 AU is severely under-constrained. This estimate is highly uncertain and is included for completeness.

6 www.pnas.org — — Footline Author

TERRA Planet Detection Efficiency

Petigura, Howard, & Marcy (2013)
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Fig. 3 The measured distributions of planet sizes and orbital periods for RP > 1 R� and P = 5–100 days. Heights of the bars
represent the fraction of Sun-like stars harboring a planet within a given P or RP domain. The gray portion of the bars show
planet occurrence without correction for survey completeness, i.e. for C = 1. The red region shows the correction to account
for missed planets, 1/C. Bars are annotated to reflect the number of planets detected (gray bars) and missed (red barss)
The occurrence of planets of different sizes rises by a factor of 10 from Jupiter-size to Earth-sized planets. The occurrence of
planets with different orbital periods is constant, within 15%, between 12.5 and 100 days. Due to the small number of detected
planets with RP = 1–2 R� and P > 100 days (four detected planets), we do not include P > 100 days in these marginalized
distributions.
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Fig. 4 The detected planets (dots) in a two-dimensional domain similar to Figures 1 and 2. Here, the two-dimensional domain
has orbital period replaced by stellar light intensity, “incident flux,” hitting the planet. The highlighted region shows the 10
Earth-size planets that receive a incident stellar flux comparable to the Earth: flux = 0.25–4.0⇥ the flux received by Earth
from the Sun. Our uncertainties on stellar flux and planet radii are indicated at top right.
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26±3% occurrence
1–2 RE planets

1.6±0.4% occurrence 
8–16 RE planets
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Fig. 4 The detected planets (dots) in a two-dimensional domain similar to Figures 1 and 2. Here, the two-dimensional domain
has orbital period replaced by stellar light intensity, “incident flux,” hitting the planet. The highlighted region shows the 10
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Planet Period 
Distribution

Planet Size  
Distribution

Petigura, Howard, & Marcy (2013)



Red circles show planet size and stellar light intensity received by 603 detected 
planets (logarithmic scale). Color scale indicates pipeline completeness: the 
fraction of transiting planets detectable over stellar brightness fluctuations 
(noise). This fraction is highest for large, close-in planets. For Earth-size 
planets in the habitable zone, we find roughly 1 out every 5 that transit, the 
rest are overwhelmed by stellar variability.
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Planet Size and Incident Flux

Petigura, Howard, & Marcy (2013)
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The Occurrence of Warm, Earth-size Planets
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Uncertainties
How big is the η⊕ Box?



Uncertainties
Mass-Radius Relationship 

 

What is an Earth?  
Where is the rocky/gas-rich transition?



Kepler-78b Transit Discovery  
Sanchis-Ojeda et al. (2013)

Planet Radius:
1.16+0.19
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Orbital Period:
8.5 hours!

Kepler Photometry
Roberto Sanchis-Ojeda



Kepler-78b
Super-heated Earth-size Planet

 
What is it made of?

Artist Impression: D. Aguilar
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Known Planets - Masses and Radii
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LETTER
doi:10.1038/nature12767

A rocky composition for an Earth-sized exoplanet
Andrew W. Howard1, Roberto Sanchis-Ojeda2, Geoffrey W. Marcy3, John Asher Johnson4, Joshua N. Winn2, Howard Isaacson3,
Debra A. Fischer5, Benjamin J. Fulton1, Evan Sinukoff1 & Jonathan J. Fortney6

Planets with sizes between that of Earth (with radius R›) and Neptune
(about 4R›) are now known to be common around Sun-like stars1–3.
Most such planets have been discovered through the transit technique,
by which the planet’s size can be determined from the fraction of star-
light blocked by the planet as it passes in front of its star. Measur-
ing the planet’s mass—and hence its density, which is a clue to its
composition—is more difficult. Planets of size 2–4R› have proved to
have a wide range of densities, implying a diversity of compositions4,5,
but these measurements did not extend to planets as small as Earth.
Here we report Doppler spectroscopic measurements of the mass of
the Earth-sized planet Kepler-78b, which orbits its host star every
8.5 hours (ref. 6). Given a radius of 1.20 6 0.09R› and a mass of
1.69 6 0.41M›, the planet’s mean density of 5.3 6 1.8 g cm23 is
similar to Earth’s, suggesting a composition of rock and iron.

Kepler-78 is one of approximately 150,000 stars whose brightness
was precisely measured at 30-min intervals for four years by NASA’s
Kepler spacecraft7. This star is somewhat smaller, less massive and
younger than the Sun (Table 1). Every 8.5 hours the star’s brightness
declines by 0.02% as the planet Kepler-78b transits (passes in front of)
the stellar disk. The planet’s radius was originally measured6 to be
1:16z0:19

{0:14R›. Its mass could not be measured, although masses exceeding

8M› could be ruled out because the planet’s gravity would have
deformed the star and produced brightness variations that were not
detected.

We measured the mass of Kepler-78b by tracking the line-of-sight
component of the host star’s motion (the radial velocity) that is due to
the gravitational force of the planet. The radial-velocity analysis is challen-
ging not only because the signal is expected to be small (about 1–3 m s21)
but also because the apparent Doppler shifts due to rotating star spots are
much larger (about 50 m s21 peak-to-peak). Nevertheless the detection
proved to be possible, thanks to the precisely known orbital period and
phase of Kepler-78b that cleanly separated the timescale of spot variations
(Prot < 12.5 days) from the much shorter timescale of the planetary orbit
(P < 8.5 hours). We adopted a strategy of intensive Doppler measurements
spanning 6–8 hours per night, long enough to cover nearly the entire
orbit and short enough for the spot variations to be nearly frozen out.

We measured radial velocities using optical spectra of Kepler-78 that
we obtained from the High Resolution Echelle Spectrometer (HIRES)8

on the 10-m Keck I Telescope. These Doppler shifts were computed
relative to a template spectrum with a standard algorithm9 that uses a
spectrum of molecular iodine superposed on the stellar spectrum as a
reference for the wavelength scale and instrumental profile of HIRES

1Institute for Astronomy, University of Hawaii at Manoa, 2680 Woodlawn Drive, Honolulu, Hawaii 96822, USA. 2Department of Physics, and Kavli Institute for Astrophysics and Space Research,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 3Astronomy Department, University of California, Berkeley, California 94720, USA. 4Harvard-Smithsonian Center for
Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 5Department of Astronomy, Yale University, New Haven, Connecticut 06510, USA. 6Department of Astronomy and Astrophysics,
University of California, Santa Cruz, California 95064, USA.

Table 1 | Kepler-78 system properties
Stellar properties

Names Kepler-78, KIC 8435766, Tycho 3147-188-1
Effective temperature, Teff 5,121 6 44 K
Logarithm of surface gravity, log[g (cm s22)] 4.61 6 0.06
Iron abundance, [Fe/H] 20.08 6 0.04 dex
Projected rotational velocity, Vsini 2.6 6 0.5 km s21

Mass, Mstar 0.83 6 0.05MSun

Radius, Rstar 0.74 6 0.05RSun

Density, rstar 2:8z0:7
{0:6 g cm23

Age 625 6 150 million years

Planetary properties

Name Kepler-78b
Mass, Mpl 1.69 6 0.41M›
Radius, Rpl 1.20 6 0.09R›
Density, rpl 5:3z2:0

{1:6 g cm23

Surface gravity, gpl 11:4z3:5
{3:1 m s22

Iron fraction 0.20 6 0.33 (two-component rock/iron model)
Orbital period, Porb (from ref. 6) 0.35500744 6 0.00000006 days
Transit epoch, tc (from ref. 6) 2454953.95995 6 0.00015 (BJDTBD)

Additional parameters

(Rpl/Rstar)2 217 6 9 parts per million
Scaled semi-major axis, a/Rstar 2.7 6 0.2
Doppler amplitude, K 1.66 6 0.40 m s21

Systemic radial velocity 23.59 6 0.10 km s21

Radial-velocity jitter, sjitter 2.1 6 0.3 m s21

Radial-velocity dispersion 2.6 m s21 (s.d. of residuals to best-fit model)

The stellar effective temperature and iron abundance were obtained by fitting stellar atmosphere models21 to iodine-free HIRES spectra, subject to a constraint on the surface gravity based on stellar evolution
models22. We estimated the stellar mass and radius from empirically calibrated relationships between those spectroscopic parameters23. The refined stellar radius led to a refined planet radius. Planet mass and
density were measured from the Doppler analysis. The stellar age is estimated from non-detection of lithium in the stellar atmosphere (Extended Data Fig. 1), the stellar rotation period, and magnetic activity. See
Methods for details. Parameter distributionsare representedby median values and 68.3% confidence intervals. Correlations between transit parameters are shown in Extended Data Fig. 2. Barycentric Julian dates
in barycentric dynamical time, BJDTBD.
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An Earth-sized planet with an Earth-like density
Francesco Pepe1, Andrew Collier Cameron2, David W. Latham3, Emilio Molinari4,5, Stéphane Udry1, Aldo S. Bonomo6,
Lars A. Buchhave3,7, David Charbonneau3, Rosario Cosentino4,8, Courtney D. Dressing3, Xavier Dumusque3, Pedro Figueira9,
Aldo F. M. Fiorenzano4, Sara Gettel3, Avet Harutyunyan4, Raphaëlle D. Haywood2, Keith Horne2, Mercedes Lopez-Morales3,
Christophe Lovis1, Luca Malavolta10,11, Michel Mayor1, Giusi Micela12, Fatemeh Motalebi1, Valerio Nascimbeni11, David Phillips3,
Giampaolo Piotto10,11, Don Pollacco13, Didier Queloz1,14, Ken Rice15, Dimitar Sasselov3, Damien Ségransan1, Alessandro Sozzetti6,
Andrew Szentgyorgyi3 & Christopher A. Watson16

Recent analyses1–4 of data from the NASA Kepler spacecraft5 have
established that planets with radii within 25 per cent of the Earth’s
(R›) are commonplace throughout the Galaxy, orbiting at least
16.5 per cent of Sun-like stars1. Because these studies were sensitive
to the sizes of the planets but not their masses, the question remains
whether these Earth-sized planets are indeed similar to the Earth in
bulk composition. The smallest planets for which masses have been
accurately determined6,7 are Kepler-10b (1.42R›) and Kepler-36b
(1.49R›), which are both significantly larger than the Earth. Recently,
the planet Kepler-78b was discovered8 and found to have a radius of
only 1.16R›. Here we report that the mass of this planet is 1.86 Earth
masses. The resulting mean density of the planet is 5.57 g cm23,
which is similar to that of the Earth and implies a composition of
iron and rock.

Every 8.5 h, the star Kepler-78 (first known as TYC 3147-188-1 and
later designated KIC 8435766) presents to the Earth a shallow eclipse
consistent8 with the passage of an orbiting planet with a radius of
1.16 6 0.19R›. A previous study8 demonstrated that it was very unlikely
that these eclipses were the result of a massive companion either to
Kepler-78 itself or to a fainter star near its position on the sky. Judging
from the absence of ellipsoidal light variations8 of the star, the upper
limit on the mass of the planet is 8 Earth masses (M›). In addition to its
diminutive size, the planet Kepler-78b is interesting because the light
curve recorded by the Kepler spacecraft reveals the secondary eclipse of
the planet behind the star as well as the variations in the light received
from the planet as it orbits the star and presents different hemispheres
to the observer. These data enabled constraints8 to be put on the albedo
and temperature of the planet. A direct measurement of the mass of
Kepler-78b would permit an evaluation of its mean density and, by
inference, its composition, and motivated this study.

The newly commissioned HARPS-N9 spectrograph is the Northern
Hemisphere copy of the HARPS10 instrument, and, like HARPS, HARPS-N
allows scientific observations to be made alongside thorium–argon emis-
sion spectra for wavelength calibration11. HARPS-N is installed at the
3.57-m Telescopio Nazionale Galileo at the Roque de los Muchachos
Observatory, La Palma Island, Spain. The high optical efficiency of the
instrument enables a radial-velocity precision of 1.2 m s21 to be achieved
in a 1-h exposure on a slowly rotating late-G-type or K-type dwarf star
with stellar visible magnitude mv 5 12. By observing standard stars of
known radial velocity during the first year of operation of HARPS-N,
we estimated it to have a precision of at least 1 m s21, a value which is
roughly half the semi-amplitude of the signal expected for Kepler-78b
should the planet have a rocky composition. We began an intensive

observing campaign (Methods) of Kepler-78 (mv 5 11.72) in May
2013, acquiring HARPS-N spectra of 30-min exposure time and an
average signal-to-noise ratio of 45 per extracted pixel at 550 nm (wave-
length bin of 0.00145 nm). From these high-quality spectra, we esti-
mated12,13 the stellar parameters of Kepler-78 (Methods and Extended
Data Table 1). Our estimate of the stellar radius, R!~0:737z0:034

{0:042R8, is
more accurate than any previously known8 and allows us to refine the
estimate of the planetary radius.

In the Supplementary Data, we provide a table of the radial velocit-
ies, the Julian dates, the measurement errors, the line bisector of the
cross-correlation function, and the Ca II H-line and K-line activity
indicator14, log(R9HK). The radial velocities (Fig. 1) show a scatter of
4.08 m s21 and a peak-to-trough variation of 22 m s21, which exceeds
the estimated average internal (photon-noise) precision, of 2.3 m s21.
The excess scatter is probably due to star-induced effects including
spots and changes in the convective blueshift associated with variations
in the stellar activity. These effects may cause an apparent signal at
intervals corresponding to the stellar rotational period and its first and
second harmonics. To separate this signal from that caused by the
planet, we proceeded to estimate the rotation period of the star from
the de-trended light curve from Kepler (Methods). Our estimate, of

1Observatoire Astronomique de l’Université de Genève, 51 chemin des Maillettes, 1290 Versoix, Switzerland. 2Scottish Universities Physics Alliance, School of Physics and Astronomy, University of St
Andrews, North Haugh, St Andrews, Fife KY16 9SS, UK. 3Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 4INAF - Fundación Galileo Galilei, Rambla
José Ana Fernandez Pérez 7, 38712 Breña Baja, Spain. 5INAF - IASF Milano, via Bassini 15, 20133 Milano, Italy. 6INAF - Osservatorio Astrofisico di Torino, via Osservatorio 20, 10025 Pino Torinese, Italy.
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Figure 1 | Radial velocities of Kepler-78 as a function of time. The error bars
indicate the estimated internal error (mainly photon-noise-induced error),
which was ,2.3 m s21 on average. The signal is dominated by stellar effects.
The raw radial-velocity dispersion is 4.08 m s21, which is about twice the
photon noise. JD, Julian date.
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Keck/HIRES (10-m)

TNG/HARPS-N (3.6-m)



HIRES (Howard et al. 2013)
 

   Radius: 1.20 ± 0.09 R⊕ 
 

      Mass: 1.69 ± 0.41 M⊕
 

  Density:  
 

Iron fraction:  0.20 ± 0.33

Known Planets - Masses and Radii

5.3+2.0
�1.6 g cm�3

HARPS-N (Pepe et al. 2013)
 

      Mass:  
 

  Density:  
 

5.6+3.0
�1.3 g cm�3

1.86+0.38
�0.25 M�
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Masses and Radii of 52 Small Planets  
Kepler + Keck Observatory 

Marcy, Isaacson, Howard et al. (2014)



KOI-321:
New Rocky Planet

321.01       321.02

Density: 321.01



Weiss & Marcy (2014)

Rock → Gas Transition 

ρ
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Lauren Weiss (Berkeley)
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1.  Peak Density ~1.5 RE

Rock → Gas Transition 
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1.  Peak density ~1.5 RE

2.  ≳1.5 RE → smaller density  
         add 1-5% H/He gas
         density → 1 g cm-3

Add 1-5% H/He gas
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Rock → Gas Transition 



Weiss & Marcy (2014)

1.  Peak density ~1.5 RE

2.  ≳1.5 RE → smaller density  
         add 1-5% H/He gas
         density → 1 g cm-3

Add 1-5% H/He gas

Peak Density  
~1.5 RE

Red
uc

ed
 

Com
pr
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n

3.  ≲1.5 RE → smaller density  
         same rocky composition
         with reduced compression?

Lauren Weiss (Berkeley)

Rock → Gas Transition 



 0.3/0.7 Fe/MgSiO3; ρ = 8 g cm-3

add 0.2% H/He; ρ = 6 g cm-3

add 20% H/He; ρ = 1.0 g cm-3

Adding an Atmosphere

add 2% H/He; ρ = 3.4 g cm-3
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Planet inflation depends on: Mcore, Teff, internal heat sources



K2 Mission — 13 Fields on the Ecliptic



Target Star Parameters: Teff = 4100−6100 K, logg = 4.00−4.90, Kp < 13.0
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Simulated K2 Performance 
Kp < 13 (bright) 
Teff=4100-6100K, logg=4.0-4.9 
      → 6658 stars selected 

2X worse noise 
require SNR>20 in 75 days 
    → Npl = 46 planets detected 
  Npl = 26 with Rp = 2-4 REarth 

  Npl =  9 with Rp = 1-2 REarth

K2 Search Completeness / Expected Yield



Planets from K2 - EPIC 201367065

P = 10 days
Rp = 2.1 REarth 
Teq = 470 K

P = 25 days
Rp = 1.7 REarth 
Teq = 350 K

P = 45 days
Rp = 1.5 REarth 
Teq = 280 K

Host star is nearby & bright (V=12.2, K=8.5)
⇒ mass & atmosphere followup possible
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Ian Crossfield (Arizona)



Planets from K2 - EPIC 201367065

d c b
All Planets

Evan Sinukoff (IfA)



Planets from K2 - EPIC 201367065

d c b
Cool Planets (Teq < 800 K)

Evan Sinukoff (IfA)



Atmospheric Characterization - Planet ‘b’

Neptune-like

But note that scale height (H) depends on planets mass - H = kT / μ g

Water-dominated

Simulated measurements with Hubble (WFC3) assuming rocky bulk density
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Ques%ons?

Red circles show planet size and stellar light intensity received by 603 detected 
planets (logarithmic scale). Color scale indicates pipeline completeness: the 
fraction of transiting planets detectable over stellar brightness fluctuations 
(noise). This fraction is highest for large, close-in planets. For Earth-size 
planets in the habitable zone, we find roughly 1 out every 5 that transit, the 
rest are overwhelmed by stellar variability.
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