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For a given stellar sample

   Planet Occurrence = N(planets)
N(stars)



5

1 5 10 50 100 500 1000

1

4

10

20

Period [days]

R
p / 

R e

Jupiter

Neptune

Earth

Rowe et al. (2013)

Kepler Planet Haul

 Planet Occurrence = N(planets found) + N(planets missed)
N(stars)



40,000 bright GK stars

603 planet candidates

2184 TCEs

836 eKOIs

Remove non-astrophysical 
false positives

Search for significant transits
using TERRA photometric pipeline
Q1–Q15

Remove astrophysical 
false positives
• Centroid
• Odd-even
• Transit shape
• Secondary eclipse
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Brightest GK stars 

Figure S2: Distribution of photometric noise (median quarterly 6 hour CDPP) and brightness Kp for the
42,557 stars in the Best42k stellar sample.
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Figure S2: Distribution of photometric noise (median quarterly 6 hour CDPP) and brightness Kp for the
42,557 stars in the Best42k stellar sample.
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40,000 bright GK stars

603 planet candidates

2184 TCEs

836 eKOIs

Remove non-astrophysical 
false positives

Search for significant transits
using TERRA photometric pipeline
Q1–Q15
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Optimized for small planet detection

In house pipeline enables measurement 
of planet detectability (completeness) 
via injection and recovery experiments

TERRA



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
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Fig. 4.— The RA and Dec positions of our 1000-star ensemble. The points are color-coded by

a
i

, the weights for mode V
i

. Negative values are shown in blue and positive values are shown in

red. The fact that the sign and magnitude of a1 depends on distance from the center of the FOV

supports the idea that the variability captured by V1 is due to PSF breathing of the telescope which

is driven by the three-day momentum management cycle. The gradient in a2 could be due to the

thermal coupling of an onboard heater to the optics in a tip/tilt sense. Mode weights a3 and a4

show no spatial correlation and do not seem to depend on changes in the PSF width.
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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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40,000 bright GK stars

603 planet candidates

2184 TCEs

836 eKOIs

Remove non-astrophysical 
false positives

Search for significant transits
using TERRA photometric pipeline
Q1–Q15

Remove astrophysical 
false positives
• Centroid
• Odd-even
• Transit shape
• Secondary eclipse
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Identifying eclipsing binaries 
using secondary eclipses



Figure S7: DV summary plots (defined in Figure S3) for eKOI KIC-8879427 (P = 16.313). The “Sec-
ondary Eclipse” plot shows the second most significant dimming at P = 16.313, offset from the primary
transit in phase by 80.3�. The ratio of the primary to secondary eclipses (�Fpri = 0.07; �Fsec = 0.002)
along with the effective temperature of the primary (T

e↵

= 5995 K) imply the transiting object is 2343 K
– too high to be consistent with a planet with P = 16.313 days orbital period.

ignation, Mandel-Agol fit parameters, adopted host star parameters, and size. We also crossed

checked our eKOIs against the catalog Kepler team KOIs accessed from the NASA Exoplanet

Archive (1) on 13 September 2013. If the Kepler Project KOI number exists for an eKOI, we

include it in Table S2.

S15

Fl
ux Primary 7% dimming

Identifying eclipsing binaries 
using secondary eclipses



Figure S7: DV summary plots (defined in Figure S3) for eKOI KIC-8879427 (P = 16.313). The “Sec-
ondary Eclipse” plot shows the second most significant dimming at P = 16.313, offset from the primary
transit in phase by 80.3�. The ratio of the primary to secondary eclipses (�Fpri = 0.07; �Fsec = 0.002)
along with the effective temperature of the primary (T

e↵

= 5995 K) imply the transiting object is 2343 K
– too high to be consistent with a planet with P = 16.313 days orbital period.

ignation, Mandel-Agol fit parameters, adopted host star parameters, and size. We also crossed

checked our eKOIs against the catalog Kepler team KOIs accessed from the NASA Exoplanet

Archive (1) on 13 September 2013. If the Kepler Project KOI number exists for an eKOI, we

include it in Table S2.

S15

Fl
ux Primary 7% dimming

Figure S7: DV summary plots (defined in Figure S3) for eKOI KIC-8879427 (P = 16.313). The “Sec-
ondary Eclipse” plot shows the second most significant dimming at P = 16.313, offset from the primary
transit in phase by 80.3�. The ratio of the primary to secondary eclipses (�Fpri = 0.07; �Fsec = 0.002)
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40,000 bright GK stars

603 planet candidates

2184 TCEs

836 eKOIs

Remove non-astrophysical 
false positives

Search for significant transits
using TERRA photometric pipeline
Q1–Q15

Remove astrophysical 
false positives
• Centroid
• Odd-even
• Transit shape
• Secondary eclipse
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Better stellar parameters

- R★	 good to 10% 
(photometry: 30%)

- L★	 good to 25% 
(photometry: 80%)

Fl
ux

Wavelength (A)

KIC011415243

KIC006225454

KIC009447166

Keck HIRES
Spectra

Find false positives

- Detect second set of lines

- Kolbl and Marcy (2014)



Sample of 603 planet candidates showing planet size versus stellar light intensity. 
We found 10 planets between 1 and 2 times the size of the Earth that receive the 
same stellar light intensity as Earth (within a factor of four).
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Sample of 603 planet candidates showing planet size versus stellar light intensity. 
We found 10 planets between 1 and 2 times the size of the Earth that receive the 
same stellar light intensity as Earth (within a factor of four).
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Sample of 603 planet candidates showing planet size versus stellar light intensity. 
We found 10 planets between 1 and 2 times the size of the Earth that receive the 
same stellar light intensity as Earth (within a factor of four).
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Sample of 603 planet candidates showing planet size versus stellar light intensity. 
We found 10 planets between 1 and 2 times the size of the Earth that receive the 
same stellar light intensity as Earth (within a factor of four).
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Sample of 603 planet candidates showing planet size versus stellar light intensity. 
We found 10 planets between 1 and 2 times the size of the Earth that receive the 
same stellar light intensity as Earth (within a factor of four).
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Figure S15: Phase folded photometry for ten Earth-size HZ candidates. Black point shows show TERRA-
calibrated photometry folded on the best fit ephemeris listed in Table S2. The green symbols show the
median flux value in 30-minute bins. The red dashed lines shows the best-fit Mandel-Agol model. We
have annotated each plot with the KIC identifier, period, planet size (Earth-radii), incident flux level
(relative to Earth). All measurements of planet size and incident flux are based on spectra taken with the
Keck 10 m telescope. Spectra for KIC-6225454, KIC-7877978, KIC-9447166, and KIC-11462341 were
obtained during peer-review and were added in proof (see Table S3).S28
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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



Text

Pipeline Completeness

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



Text

Pipeline Completeness

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.
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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.
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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.
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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.
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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.
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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.
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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.
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Figure S10: P and RP of 40,000 injected planets color coded by whether they were recovered by TERRA.
Completeness over a small range in P–RP is computed by dividing the number of successfully recovered
transits (blue points) by the total number of injected transits (blue and red points). For planets larger than
2 R�, completeness is > 50% out to 400 d. Completeness rapidly falls over 1–2 R� and is . 10% for
planets smaller than 1 R�.

S21
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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.
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Fraction of stars with planets of different sizes
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Planet size distribution
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32

Orbital period distribution
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Summary

37

Independent search for planets in raw Kepler photometry 
(Q1-Q15) using TERRA pipeline

603 planet candidates found, 10 are Earth-size (1–2 RE)  
and in HZ  (FP = 0.25–4 FE)

Keck spectroscopy of all HZ candidates and all planet 
candidates with P > 100 days

Measured completeness using injection and recovery

22±8% of GK stars have 1–2 RE planet in the HZ 
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GK stars

Figure S1: Distribution of 155,046 stars with photometrically-derived stellar parameters from (2). The
Best42k sample of 42000 stars is made up of Solar-type stars with T

e↵

= 4100–6100 K, log g = 4.0–4.9
(cgs), and Kepmag = 10-15 (brighter half of targets).

1. Have stellar properties from Pinsonneault et al. (155,046 stars),

2. Kp = 10–15 mag (98,471 stars),

3. T
e↵

= 4100–6100 K (63,915 stars), and

4. log g = 4.0–4.9 (cgs) (42,557 stars).

Figure S1 shows the position of the 155,046 stars with revised stellar properties from Pinnsonealt

et al. (2012) along with the “solar subset” corresponding to G and K dwarfs. Figure S2 shows

the distribution of brightness and noise level of the Best42k stellar sample.

S2

Teff Pinsonneault+12
logg derived from Yonsei-Yale 
isochrone fitting (Jason Rowe)
Exoplanet Archive
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Survey Completeness in the Habitable Zone

Injected Planet

Recovered

Missed

Figure S16: Ten small (RP = 1–2 R�) planets (black triangles) fall within our adopted habitable zone
of FP =1/4–4 F�. We also plot the injected planets over this same domain. Survey completeness C is
computed locally for each planet by dividing the number of injected planets that were recovered by the
total number of injected planets in a small box centered on the real planet.
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candidate planets in this range of mass and period. Butler et al.
(2006b) mention that there are no significant selection effects
that would lead to this pile-up: we can see that very clearly in
Figure 9, in which the upper limit curves continue smoothly to
periods as short as 1 day with no change in detectability. The
statistical significance of the pile-up in our data depends on the
model and range of orbital periods against which it is compared.
A Kolmogorov-Smirnov (KS) test gives a 0.4% probability that
the observed distribution is drawn from a uniform distribution in
logP in the decade 1 to 10 days. If we extend the uniform dis-
tribution out to 100 days, the KS probability is 20%.

As we described earlier, a power-law fit to the period distri-
bution gives dN=d lnP ∝ P 0:26, which rises to longer periods.
However, an alternative description of the distribution is a rapid
increase in the planet fraction at orbital periods of ≈300 days.
Figure 11 shows that there is a change of slope in the cumulative
distribution, which suggests that the planet fraction increases
beyond orbital periods of≈300 days. The change in slope does
not depend on whether the candidate planets are included. If
we assume that the orbital period distribution above and below
300 days is flat, we find that the fraction of stars with a planet
per decade is dN=d log10 P ¼ 1:3" 0:4% at short periods, and
dN=d log10 P ¼ 6:5" 1:4% at long periods (the latter becomes
dN=d log10 P ¼ 5:1" 1:2% if only announced planets are
included). Therefore, the incidence of planets increases by a
factor of 5 for periods longward of ≈300 days. The low planet

fraction at intermediate orbital periods has been noted pre-
viously. Jones et al. (2003) and Udry et al. (2003) both pointed
out that there is a deficit of gas giants at intermediate
periods, P ≈ 10–100 days.

We have focused on the period distribution for P <
2000 days, but Figure 9 shows that there are many candidate
planets with orbital periods P > 2000 days. In our analysis,
we have assumed that the minimum mass and orbital period
of detected companions are well determined. However, for
orbital periods longer that the time baseline of the data, this
is not the case: there exists a family of best-fitting solutions with
a range of allowed orbital periods, masses, and eccentricities
(see, e.g., Ford 2005; Wright et al. 2007). To constrain the
distribution at long orbital periods requires taking into account
the distributions of orbital parameters allowed by the data for
each star. For now, we extrapolate the period distribution deter-
mined for P < 2000 days to predict the occurrence rate of
long-period orbits assuming that either the flat distribution or
the power law∝ P β holds for longer orbital periods. The results
are given in Table 2. For example, if the distribution is flat in
logP beyond 2000 days, we expect that 17% of solar type stars
harbor a gas giant (Saturn mass and up) within 20 AU. In the
power-law case, the fractions are larger, but not substantially
larger because of the small value of β ¼ 0:26. These extrapola-
tions are consistent with the number of candidates we find at
long orbital periods. If we sum the confirmed planets and can-
didates at long periods, taking the completeness corrections into
account, and assuming that the fitted orbital periods are the
correct ones, we find that 18% of stars have a planet or candi-

FIG. 12.—Same as Figure 11, but now for short orbital periods P < 30 days,
and for massesMP sin i > 0:1 MJ. All detections correspond to announced pla-
nets in this period and mass range.

FIG. 11.—Distribution of orbital periods for planets with periods<2000 days
and massMp sin i > 0:3 MJ. In the lower panel, the dotted histogram shows the
number of detections in each bin, including announced and candidate detections;
the solid histogram shows this number corrected for completeness. Error bars
indicate

ffiffiffiffiffi
N

p
for each bin. The upper panel shows the cumulative percentage of

stars with a planet with orbital period smaller than a given value.
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ABSTRACT. We analyze 8 years of precise radial velocity measurements from the Keck Planet Search, char-
acterizing the detection threshold, selection effects, and completeness of the survey. We first carry out a systematic
search for planets, by assessing the false-alarm probability associated with Keplerian orbit fits to the data. This
allows us to understand the detection threshold for each star in terms of the number and time baseline of the
observations, and the underlying “noise” from measurement errors, intrinsic stellar jitter, or additional low-mass
planets. We show that all planets with orbital periods P < 2000 days, velocity amplitudes K > 20 ms!1, and
eccentricities e≲ 0:6 have been announced, and we summarize the candidates at lower amplitudes and longer orbital
periods. For the remaining stars, we calculate upper limits on the velocity amplitude of a companion. For orbital
periods less than the duration of the observations, these are typically 10 ms!1 and increase∝ P 2 for longer periods.
We then use the nondetections to derive completeness corrections at low amplitudes and long orbital periods and
discuss the resulting distribution of minimum mass and orbital period. We give the fraction of stars with a planet as a
function of minimum mass and orbital period and extrapolate to long-period orbits and low planet masses. A power-
law fit for planet masses > 0:3 MJ and periods < 2000 days gives a mass-period distribution dN ¼ CMαP βd ln
Md lnP with α ¼ !0:31# 0:2, β ¼ 0:26# 0:1, and the normalization constant C such that 10.5% of solar
type stars have a planet with mass in the range 0:3–10 MJ and orbital period 2–2000 days. The orbital period
distribution shows an increase in the planet fraction by a factor of ≈5 for orbital periods ≳300 days. Extrapolation
gives 17%–20% of stars having gas giant planets within 20 AU. Finally, we constrain the occurrence rate of planets
orbiting M dwarfs compared to FGK dwarfs, taking into account differences in detectability.

Online material: color figures

1. INTRODUCTION

Precise Doppler velocity surveys of nearby stars have led to
the detection of more than 250 extrasolar planets (e.g., Marcy
et al. 2005a; Butler et al. 2006b). They have minimum masses
from 5 Earth masses (5 M⊕) and up, orbital periods from close
to one day up to several years, and a wide range of eccentricities.
Over 25 multiple planet systems are known, with many other
single planet systems showing a long-term velocity trend likely
indicating a second planet with long orbital period (Fischer et al.
2001). The increasing number of detections allows us to answer
questions about the statistical properties of extrasolar planetary
systems, such as the mass, period, and eccentricity distributions

(Tabachnik & Tremaine 2002; Butler et al. 2003; Fischer et al.
2003; Lineweaver & Grether 2003; Jones et al. 2003; Udry et al.
2003; Gaudi et al. 2005; Ford & Rasio 2006; Jones et al. 2006;
Ribas & Miralda-Escudé 2007), and the incidence of giant pla-
nets as a function of host star metallicity (Fischer & Valenti
2005; Santos et al. 2005) and mass (Butler et al. 2004b; Butler
et al. 2006a; Endl et al. 2006; Johnson et al. 2007).

In this paper, we focus on the frequency of planetary
systems, and the distributions of mass and orbital periods.
The frequency of planets is important for future astrometric
and direct searches (see, e.g., Beuzit et al. 2007). The details
of the mass-orbital period distribution are important because
they contain information about the planet formation process
(Armitage et al. 2002; Ida & Lin 2004a, 2004b, 2005,
2008a, 2008b; Alibert et al. 2005; Rice & Armitage 2005; Kor-
net & Wolf 2006). Figure 1 shows the distribution of planet
masses and orbital periods for 182 planets announced as of
2007 March. Several features of the mass-period distribution
have been discussed in the literature: the “pile-up” at orbital
periods of ≈3 days (the “hot Jupiters”) (e.g., see Gaudi et al.
2005); the paucity of massive planets (M > 1MJ ) in close
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candidate planets in this range of mass and period. Butler et al.
(2006b) mention that there are no significant selection effects
that would lead to this pile-up: we can see that very clearly in
Figure 9, in which the upper limit curves continue smoothly to
periods as short as 1 day with no change in detectability. The
statistical significance of the pile-up in our data depends on the
model and range of orbital periods against which it is compared.
A Kolmogorov-Smirnov (KS) test gives a 0.4% probability that
the observed distribution is drawn from a uniform distribution in
logP in the decade 1 to 10 days. If we extend the uniform dis-
tribution out to 100 days, the KS probability is 20%.

As we described earlier, a power-law fit to the period distri-
bution gives dN=d lnP ∝ P 0:26, which rises to longer periods.
However, an alternative description of the distribution is a rapid
increase in the planet fraction at orbital periods of ≈300 days.
Figure 11 shows that there is a change of slope in the cumulative
distribution, which suggests that the planet fraction increases
beyond orbital periods of≈300 days. The change in slope does
not depend on whether the candidate planets are included. If
we assume that the orbital period distribution above and below
300 days is flat, we find that the fraction of stars with a planet
per decade is dN=d log10 P ¼ 1:3" 0:4% at short periods, and
dN=d log10 P ¼ 6:5" 1:4% at long periods (the latter becomes
dN=d log10 P ¼ 5:1" 1:2% if only announced planets are
included). Therefore, the incidence of planets increases by a
factor of 5 for periods longward of ≈300 days. The low planet

fraction at intermediate orbital periods has been noted pre-
viously. Jones et al. (2003) and Udry et al. (2003) both pointed
out that there is a deficit of gas giants at intermediate
periods, P ≈ 10–100 days.

We have focused on the period distribution for P <
2000 days, but Figure 9 shows that there are many candidate
planets with orbital periods P > 2000 days. In our analysis,
we have assumed that the minimum mass and orbital period
of detected companions are well determined. However, for
orbital periods longer that the time baseline of the data, this
is not the case: there exists a family of best-fitting solutions with
a range of allowed orbital periods, masses, and eccentricities
(see, e.g., Ford 2005; Wright et al. 2007). To constrain the
distribution at long orbital periods requires taking into account
the distributions of orbital parameters allowed by the data for
each star. For now, we extrapolate the period distribution deter-
mined for P < 2000 days to predict the occurrence rate of
long-period orbits assuming that either the flat distribution or
the power law∝ P β holds for longer orbital periods. The results
are given in Table 2. For example, if the distribution is flat in
logP beyond 2000 days, we expect that 17% of solar type stars
harbor a gas giant (Saturn mass and up) within 20 AU. In the
power-law case, the fractions are larger, but not substantially
larger because of the small value of β ¼ 0:26. These extrapola-
tions are consistent with the number of candidates we find at
long orbital periods. If we sum the confirmed planets and can-
didates at long periods, taking the completeness corrections into
account, and assuming that the fitted orbital periods are the
correct ones, we find that 18% of stars have a planet or candi-

FIG. 12.—Same as Figure 11, but now for short orbital periods P < 30 days,
and for massesMP sin i > 0:1 MJ. All detections correspond to announced pla-
nets in this period and mass range.

FIG. 11.—Distribution of orbital periods for planets with periods<2000 days
and massMp sin i > 0:3 MJ. In the lower panel, the dotted histogram shows the
number of detections in each bin, including announced and candidate detections;
the solid histogram shows this number corrected for completeness. Error bars
indicate

ffiffiffiffiffi
N

p
for each bin. The upper panel shows the cumulative percentage of

stars with a planet with orbital period smaller than a given value.
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candidate planets in this range of mass and period. Butler et al.
(2006b) mention that there are no significant selection effects
that would lead to this pile-up: we can see that very clearly in
Figure 9, in which the upper limit curves continue smoothly to
periods as short as 1 day with no change in detectability. The
statistical significance of the pile-up in our data depends on the
model and range of orbital periods against which it is compared.
A Kolmogorov-Smirnov (KS) test gives a 0.4% probability that
the observed distribution is drawn from a uniform distribution in
logP in the decade 1 to 10 days. If we extend the uniform dis-
tribution out to 100 days, the KS probability is 20%.

As we described earlier, a power-law fit to the period distri-
bution gives dN=d lnP ∝ P 0:26, which rises to longer periods.
However, an alternative description of the distribution is a rapid
increase in the planet fraction at orbital periods of ≈300 days.
Figure 11 shows that there is a change of slope in the cumulative
distribution, which suggests that the planet fraction increases
beyond orbital periods of≈300 days. The change in slope does
not depend on whether the candidate planets are included. If
we assume that the orbital period distribution above and below
300 days is flat, we find that the fraction of stars with a planet
per decade is dN=d log10 P ¼ 1:3" 0:4% at short periods, and
dN=d log10 P ¼ 6:5" 1:4% at long periods (the latter becomes
dN=d log10 P ¼ 5:1" 1:2% if only announced planets are
included). Therefore, the incidence of planets increases by a
factor of 5 for periods longward of ≈300 days. The low planet

fraction at intermediate orbital periods has been noted pre-
viously. Jones et al. (2003) and Udry et al. (2003) both pointed
out that there is a deficit of gas giants at intermediate
periods, P ≈ 10–100 days.

We have focused on the period distribution for P <
2000 days, but Figure 9 shows that there are many candidate
planets with orbital periods P > 2000 days. In our analysis,
we have assumed that the minimum mass and orbital period
of detected companions are well determined. However, for
orbital periods longer that the time baseline of the data, this
is not the case: there exists a family of best-fitting solutions with
a range of allowed orbital periods, masses, and eccentricities
(see, e.g., Ford 2005; Wright et al. 2007). To constrain the
distribution at long orbital periods requires taking into account
the distributions of orbital parameters allowed by the data for
each star. For now, we extrapolate the period distribution deter-
mined for P < 2000 days to predict the occurrence rate of
long-period orbits assuming that either the flat distribution or
the power law∝ P β holds for longer orbital periods. The results
are given in Table 2. For example, if the distribution is flat in
logP beyond 2000 days, we expect that 17% of solar type stars
harbor a gas giant (Saturn mass and up) within 20 AU. In the
power-law case, the fractions are larger, but not substantially
larger because of the small value of β ¼ 0:26. These extrapola-
tions are consistent with the number of candidates we find at
long orbital periods. If we sum the confirmed planets and can-
didates at long periods, taking the completeness corrections into
account, and assuming that the fitted orbital periods are the
correct ones, we find that 18% of stars have a planet or candi-

FIG. 12.—Same as Figure 11, but now for short orbital periods P < 30 days,
and for massesMP sin i > 0:1 MJ. All detections correspond to announced pla-
nets in this period and mass range.

FIG. 11.—Distribution of orbital periods for planets with periods<2000 days
and massMp sin i > 0:3 MJ. In the lower panel, the dotted histogram shows the
number of detections in each bin, including announced and candidate detections;
the solid histogram shows this number corrected for completeness. Error bars
indicate

ffiffiffiffiffi
N

p
for each bin. The upper panel shows the cumulative percentage of

stars with a planet with orbital period smaller than a given value.
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candidate planets in this range of mass and period. Butler et al.
(2006b) mention that there are no significant selection effects
that would lead to this pile-up: we can see that very clearly in
Figure 9, in which the upper limit curves continue smoothly to
periods as short as 1 day with no change in detectability. The
statistical significance of the pile-up in our data depends on the
model and range of orbital periods against which it is compared.
A Kolmogorov-Smirnov (KS) test gives a 0.4% probability that
the observed distribution is drawn from a uniform distribution in
logP in the decade 1 to 10 days. If we extend the uniform dis-
tribution out to 100 days, the KS probability is 20%.

As we described earlier, a power-law fit to the period distri-
bution gives dN=d lnP ∝ P 0:26, which rises to longer periods.
However, an alternative description of the distribution is a rapid
increase in the planet fraction at orbital periods of ≈300 days.
Figure 11 shows that there is a change of slope in the cumulative
distribution, which suggests that the planet fraction increases
beyond orbital periods of≈300 days. The change in slope does
not depend on whether the candidate planets are included. If
we assume that the orbital period distribution above and below
300 days is flat, we find that the fraction of stars with a planet
per decade is dN=d log10 P ¼ 1:3" 0:4% at short periods, and
dN=d log10 P ¼ 6:5" 1:4% at long periods (the latter becomes
dN=d log10 P ¼ 5:1" 1:2% if only announced planets are
included). Therefore, the incidence of planets increases by a
factor of 5 for periods longward of ≈300 days. The low planet

fraction at intermediate orbital periods has been noted pre-
viously. Jones et al. (2003) and Udry et al. (2003) both pointed
out that there is a deficit of gas giants at intermediate
periods, P ≈ 10–100 days.

We have focused on the period distribution for P <
2000 days, but Figure 9 shows that there are many candidate
planets with orbital periods P > 2000 days. In our analysis,
we have assumed that the minimum mass and orbital period
of detected companions are well determined. However, for
orbital periods longer that the time baseline of the data, this
is not the case: there exists a family of best-fitting solutions with
a range of allowed orbital periods, masses, and eccentricities
(see, e.g., Ford 2005; Wright et al. 2007). To constrain the
distribution at long orbital periods requires taking into account
the distributions of orbital parameters allowed by the data for
each star. For now, we extrapolate the period distribution deter-
mined for P < 2000 days to predict the occurrence rate of
long-period orbits assuming that either the flat distribution or
the power law∝ P β holds for longer orbital periods. The results
are given in Table 2. For example, if the distribution is flat in
logP beyond 2000 days, we expect that 17% of solar type stars
harbor a gas giant (Saturn mass and up) within 20 AU. In the
power-law case, the fractions are larger, but not substantially
larger because of the small value of β ¼ 0:26. These extrapola-
tions are consistent with the number of candidates we find at
long orbital periods. If we sum the confirmed planets and can-
didates at long periods, taking the completeness corrections into
account, and assuming that the fitted orbital periods are the
correct ones, we find that 18% of stars have a planet or candi-

FIG. 12.—Same as Figure 11, but now for short orbital periods P < 30 days,
and for massesMP sin i > 0:1 MJ. All detections correspond to announced pla-
nets in this period and mass range.

FIG. 11.—Distribution of orbital periods for planets with periods<2000 days
and massMp sin i > 0:3 MJ. In the lower panel, the dotted histogram shows the
number of detections in each bin, including announced and candidate detections;
the solid histogram shows this number corrected for completeness. Error bars
indicate

ffiffiffiffiffi
N

p
for each bin. The upper panel shows the cumulative percentage of

stars with a planet with orbital period smaller than a given value.
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candidate planets in this range of mass and period. Butler et al.
(2006b) mention that there are no significant selection effects
that would lead to this pile-up: we can see that very clearly in
Figure 9, in which the upper limit curves continue smoothly to
periods as short as 1 day with no change in detectability. The
statistical significance of the pile-up in our data depends on the
model and range of orbital periods against which it is compared.
A Kolmogorov-Smirnov (KS) test gives a 0.4% probability that
the observed distribution is drawn from a uniform distribution in
logP in the decade 1 to 10 days. If we extend the uniform dis-
tribution out to 100 days, the KS probability is 20%.

As we described earlier, a power-law fit to the period distri-
bution gives dN=d lnP ∝ P 0:26, which rises to longer periods.
However, an alternative description of the distribution is a rapid
increase in the planet fraction at orbital periods of ≈300 days.
Figure 11 shows that there is a change of slope in the cumulative
distribution, which suggests that the planet fraction increases
beyond orbital periods of≈300 days. The change in slope does
not depend on whether the candidate planets are included. If
we assume that the orbital period distribution above and below
300 days is flat, we find that the fraction of stars with a planet
per decade is dN=d log10 P ¼ 1:3" 0:4% at short periods, and
dN=d log10 P ¼ 6:5" 1:4% at long periods (the latter becomes
dN=d log10 P ¼ 5:1" 1:2% if only announced planets are
included). Therefore, the incidence of planets increases by a
factor of 5 for periods longward of ≈300 days. The low planet

fraction at intermediate orbital periods has been noted pre-
viously. Jones et al. (2003) and Udry et al. (2003) both pointed
out that there is a deficit of gas giants at intermediate
periods, P ≈ 10–100 days.

We have focused on the period distribution for P <
2000 days, but Figure 9 shows that there are many candidate
planets with orbital periods P > 2000 days. In our analysis,
we have assumed that the minimum mass and orbital period
of detected companions are well determined. However, for
orbital periods longer that the time baseline of the data, this
is not the case: there exists a family of best-fitting solutions with
a range of allowed orbital periods, masses, and eccentricities
(see, e.g., Ford 2005; Wright et al. 2007). To constrain the
distribution at long orbital periods requires taking into account
the distributions of orbital parameters allowed by the data for
each star. For now, we extrapolate the period distribution deter-
mined for P < 2000 days to predict the occurrence rate of
long-period orbits assuming that either the flat distribution or
the power law∝ P β holds for longer orbital periods. The results
are given in Table 2. For example, if the distribution is flat in
logP beyond 2000 days, we expect that 17% of solar type stars
harbor a gas giant (Saturn mass and up) within 20 AU. In the
power-law case, the fractions are larger, but not substantially
larger because of the small value of β ¼ 0:26. These extrapola-
tions are consistent with the number of candidates we find at
long orbital periods. If we sum the confirmed planets and can-
didates at long periods, taking the completeness corrections into
account, and assuming that the fitted orbital periods are the
correct ones, we find that 18% of stars have a planet or candi-

FIG. 12.—Same as Figure 11, but now for short orbital periods P < 30 days,
and for massesMP sin i > 0:1 MJ. All detections correspond to announced pla-
nets in this period and mass range.

FIG. 11.—Distribution of orbital periods for planets with periods<2000 days
and massMp sin i > 0:3 MJ. In the lower panel, the dotted histogram shows the
number of detections in each bin, including announced and candidate detections;
the solid histogram shows this number corrected for completeness. Error bars
indicate

ffiffiffiffiffi
N

p
for each bin. The upper panel shows the cumulative percentage of

stars with a planet with orbital period smaller than a given value.
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1-2 RE  planets
Fit to P > 50 days

Fig. 5 The fraction of stars having nearly Earth-size planets (1–2 R�) with any orbital period up to a maximum period, P ,
on the horizontal axis. Only planets of nearly Earth-size (1–2 R�) are included. This cumulative distribution reaches 20.2%
at P = 50 days, meaning 20.4% of Sun-like stars harbor a 1–2 R� planet with an orbital period, P < 50 days. Similarly,
26.2% of Sun-like stars harbor a 1–2 R� planet with a period of P < 100 days. The linear increase in this cumulative quantity
corresponds to planet occurrence that is constant in equal intervals of logP . One may perform a modest extrapolation into
the P = 200–400 day range, equivalent to assuming constant occurrence per logP interval, using all planets with P > 50 days.
Such an extrapolation predicts that 5.7+1.7

�2.2% of Sun-like stars have a planet with size, 1–2 R�, with an orbital period between
P = 200–400 days.
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Multiplicity Correction

Figure S17: – Distribution of P and RP for Kepler team candidates from the Q12 catalog. We include
planets with TERRA SNR > 12 and well-determined orbital periods (�(P ) < 0.1 days) that around
“Best42k” stars. Planets that are either single or are the most significant planet in a multi-planet system
are shown in red. Blue points correspond to additional planets in multi planet systems. For each cell
with 10 or more planets, we compute the boost in planet counts due to multiplanet systems, the total
number of planets divide by the number of most significant planets. For planets smaller than 4 R� and
P 50 days, the boost ranges from 21–28%. Thus, including multis, we expect ⇠ 25% higher occurrence.
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Figure S5: DV summary plots (defined in Figure S3) for the KIC-1724842 TCE at P = 354.680 days that
we removed during the manual triage. This photometry contains two pixel sensitivity drops spaced by
354.680 days. These two data anomalies combine to produce SNR = 16.035 event, which is substantially
higher than the background (“grass” = 13.294) Since s2n_on_grass = 1.206 > 1.2, this event passed
our TERRA software-based triage. However, such data anomalies are easily identified by eye.
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Figure S5: DV summary plots (defined in Figure S3) for the KIC-1724842 TCE at P = 354.680 days that
we removed during the manual triage. This photometry contains two pixel sensitivity drops spaced by
354.680 days. These two data anomalies combine to produce SNR = 16.035 event, which is substantially
higher than the background (“grass” = 13.294) Since s2n_on_grass = 1.206 > 1.2, this event passed
our TERRA software-based triage. However, such data anomalies are easily identified by eye.
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Figure S11: Completeness computed over small bins in P and RP .
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16 Dressing & Charbonneau

TABLE 2
Properties of Candidates In or Near the Habitable Zone

KOI KID Teff (K) R∗( R⊙) [Fe/H] P (Days) RP( R⊕) FP(F⊕)

1686.01 6149553 3414 0.30 -0.1 56.87 0.95 0.30
2418.01 10027247 3724 0.41 -0.4 86.83 1.27 0.35
854.01 6435936 3562 0.40 -0.1 56.05 1.69 0.50

2626.01 11768142 3482 0.35 -0.1 38.10 1.37 0.66
1422.02 11497958 3424 0.22 -0.5 19.85 0.92 0.82
250.04 9757613 3853 0.45 -0.5 46.83 1.92 1.02

2650.01 8890150 3735 0.40 -0.5 34.99 1.18 1.15
886.03 7455287 3579 0.33 -0.4 21.00 1.14 1.47
947.01 9710326 3717 0.43 -0.3 28.60 1.84 1.61
463.01 8845205 3504 0.34 -0.2 18.48 1.80 1.70

1879.01 8367644 3635 0.41 -0.2 22.08 2.37 1.96
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Fig. 19.— Planet occurrence rate versus insolation for Earth-size
planets (0.5−1.4R⊕, blue) and 1.4−4R⊕ planets (red). The green
box marks the habitable zone. The error bars indicate the errors
from binomial statistics and do not include errors from the stel-
lar and planetary radius estimates although we do consider those
errors as discussed in Section 5.7.

Our result for the occurrence rate of 1.4−4R⊕ planets
within the habitable zones of late K and early M dwarfs
is lower than the 42+54

−13% occurrence rate reported by
Bonfils et al. (2011) from an analysis of the HARPS ra-
dial velocity data. The difference between our results
may be due in part to the difficulty of converting mea-
sured minimum masses into planetary radii and the def-
inition of a “Super Earth” for both surveys. Small
number statistics may also factor into the difference.
Bonfils et al. (2011) surveyed 102 M dwarfs and found
two Super Earths within the habitable zone: Gl 581c
(Selsis et al. 2007; von Bloh et al. 2007) and Gl 667Cc
(Anglada-Escudé et al. 2012; Delfosse et al. 2012). Their
42% estimate of the occurrence rate of Super Earths in
the habitable zone includes a large correction for incom-
pleteness. In comparison, the Kepler sample contains
3897 M dwarfs with three small habitable zone planets.
Due to the small sample size and the need to account

for uncertainties in the stellar parameters, we also con-
duct a perturbation analysis in which we generate 10,000
realizations of each of the 3897 cool dwarfs and recalcu-
late the occurrence rate within the habitable zone for
each realization. We generate the population of cool
dwarfs by drawing 10,000 model fits for each cool dwarf
from the Dartmouth Stellar Models. We weight the prob-

ability that a particular model is selected by the likeli-
hoods computed in Section 2 so that the population of
models for each star represents the probability density
function for the stellar parameters. For the planet host
stars, we then compute the radii, semimajor axes, and in-
solation levels of the associated planet candidates. The
full population of perturbed planet candidates is plotted
in Figure 20. The realization “ellipses” are diagonally
elongated due to the correlation between stellar temper-
ature and radius.
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Fig. 20.— Planet radii versus insolation for the population of
planet candidates generated in the perturbation analysis. The best-
fit parameters for each planet candidate are indicated by red circles
and the perturbed realizations are marked by black points. The
green lines mark the boundaries of the habitable zone as defined
in Section 5.5.

For each realization of perturbed stars and associated
planet candidates, we calculate the number of cool dwarfs
for which each perturbed planet could have been de-
tected. We report the median occurrence rates and the
68% confidence intervals in Table 3 as a function of planet
radius and insolation. The estimated occurrence rates
resulting from the perturbation analysis are consistent
with the occurrence rates plotted in Figure 19 for the
best-fit model parameters.
In addition to refining our estimate of the mean num-

ber of planets in the habitable zone, the perturbation
analysis also allows us to estimate the likelihood that
each of the planet candidates lies within the habitable
zone. We find that the most likely habitable planet is
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ABSTRACT

We use the optical and near-infrared photometry from the Kepler Input Catalog to provide improved
estimates of the stellar characteristics of the smallest stars in the Kepler target list. We find 3897
dwarfs with temperatures below 4000K, including 64 planet candidate host stars orbited by 95 transit-
ing planet candidates. We refit the transit events in the Kepler light curves for these planet candidates
and combine the revised planet/star radius ratios with our improved stellar radii to revise the radii of
the planet candidates orbiting the cool target stars. We then compare the number of observed planet
candidates to the number of stars around which such planets could have been detected in order to
estimate the planet occurrence rate around cool stars. We find that the occurrence rate of 0.5− 4R⊕

planets with orbital periods shorter than 50 days is 0.90+0.04
−0.03 planets per star. The occurrence rate of

Earth-size (0.5− 1.4R⊕) planets is constant across the temperature range of our sample at 0.51+0.06
−0.05

Earth-size planets per star, but the occurrence of 1.4− 4R⊕ planets decreases significantly at cooler
temperatures. Our sample includes 2 Earth-size planet candidates in the habitable zone, allowing us
to estimate that the mean number of Earth-size planets in the habitable zone is 0.15+0.13

−0.06 planets per
cool star. Our 95% confidence lower limit on the occurrence rate of Earth-size planets in the habitable
zones of cool stars is 0.04 planets per star. With 95% confidence, the nearest transiting Earth-size
planet in the habitable zone of a cool star is within 21 pc. Moreover, the nearest non-transiting planet
in the habitable zone is within 5 pc with 95% confidence.
Subject headings: catalogs – methods: data analysis – planetary systems – stars: low-mass – surveys

– techniques: photometric

1. INTRODUCTION

The Kepler mission has revolutionized exoplanet
statistics by increasing the number of known extraso-
lar planets and planet candidates by a factor of five
and discovering systems with longer orbital periods
and smaller planet radii than prior exoplanet surveys
(Batalha et al. 2011; Borucki et al. 2012; Fressin et al.
2012; Gautier et al. 2012). Kepler is a Discovery-class
space-based mission designed to detect transiting exo-
planets by monitoring the brightness of over 100,000 stars
(Tenenbaum et al. 2012). The majority of Kepler ’s tar-
get stars are solar-like FGK dwarfs and accordingly most
of the work on the planet occurrence rate from Ke-
pler has been focused on planets orbiting that sample of
stars (e.g., Borucki et al. 2011; Catanzarite & Shao 2011;
Youdin 2011; Howard et al. 2012; Traub 2012). Those
studies revealed that the planet occurrence rate increases
toward smaller planet radii and longer orbital periods.
Howard et al. (2012) also found evidence for an increas-
ing planet occurrence rate with decreasing stellar effec-
tive temperature, but the trend was not significant below
5100K.
Howard et al. (2012) conducted their analysis using

the 1235 planet candidates presented in Borucki et al.
(2011). The subsequent list of candidates published
in February 2012 (Batalha et al. 2012) includes an ad-
ditional 1091 planet candidates and provides a better
sample for estimating the occurrence rate. The new

1 Harvard-Smithsonian Center for Astrophysics, Cambridge,
MA 02138

2 cdressing@cfa.harvard.edu

candidates are primarily small objects (196 with Rp <
1.25R⊕, 416 with 1.25R⊕ < Rp < 2R⊕, and 421 with
2R⊕ < Rp < 6R⊕), but the list also includes 41 larger
candidates with radii 6 R⊕ < Rp < 15R⊕. The inclusion
of larger candidates in the Batalha et al. (2012) sample is
an indication that the original Borucki et al. (2011) list
was not complete at large planet radii and that continued
improvements to the detection algorithm may result in
further announcements of planet candidates with a range
of radii and orbital periods.
In addition to nearly doubling the number of planet

candidates, Batalha et al. (2012) also improved the stel-
lar parameters for many target stars by comparing
the estimated temperatures, radii, and surface gravi-
ties in the Kepler Input Catalog (KIC; Batalha et al.
2010; Brown et al. 2011) to the values expected from
Yonsei-Yale evolutionary models (Demarque et al. 2004).
Rather than refer back to the original photometry,
Batalha et al. (2012) adopted the stellar parameters of
the closest Yonsei-Yale model to the original KIC values
in the three-dimensional space of temperature, radius,
and surface gravity. This approach did not correctly
characterize the coolest target stars because the starting
points were too far removed from the actual tempera-
tures, radii, and surface gravities of the stars. In addi-
tion, the Yonsei-Yale models overestimate the observed
radii and luminosity of cool stars at a given effective tem-
perature (Boyajian et al. 2012).

1.1. The Small Star Advantage

Although early work (Dole 1964; Kasting et al. 1993)
suggested that a hypothetical planet in the habitable


