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Planet Density vs Radius
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Kepler Planets

For a given stellar sample:

   Planet Occurrence = N(planets)
N(stars)
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Kepler Planets

 Planet Occurrence = N(planets found) + N(planets missed)
N(stars)
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In-house photometric Transit Search: 
Optimized for small planet detection

Enables measurement of detection 
efficiency (completeness) using 
injection and recovery experiments

TERRA

E.Petigura (2013)



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

Transit Period [days]

depth = 180 ppm      P = 10.4 days

Transit Periodogram

SN
R

10 20 30 40

Earth-size planet found

SNR = 30

(Kovacs, Zucker, Mazeh 2002)



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



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



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



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.
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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.
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Teff = 2343 K
not a planet

Identifying eclipsing binaries 
using secondary eclipses
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603 Planet Candidates
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Keck spectra of all 62
candidates with 
P > 100 days

574 (95%) KOIs 
(Nov 2013)

Keck HIRES spectra of 
318 eKOIs

597 (99%) KOIs
(Jun 2014)

Keck Spectra of all 62 Stars
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Better stellar parameters

- R★	 good to 10% 
(photometry: 40%)

- 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)

Petigura+ in prep (SpecMatch)
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G Star + M Star  

+ Neptune

G Star + Earth

False positive vetting

 Kolbl and Marcy (2014)
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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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 Planet Occurrence = N(planets found) + N(planets missed)
N(stars)
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Pipeline 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.

6 www.pnas.org — — Footline Author

1. Draw ( RP , P ) randomly 
from search domain

2. Choose random star from 
survey (40,000 GK stars)

3. Inject synthetic light curve 
in photometry (real noise)

4. Execute TERRA pipeline

5. Did we recover the 
injected planet? 

Injected transit 
recovered

not recovered

Injection and Recovery Determination:
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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

40,000  Injection and Recovery Experiments

40,000  Injection and Recovery Experiments
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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

Completeness from 
Injection and Recovery



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

✓ ✓
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Planet Occurrence: 
Planet Size and Orbital Period

74%





26% of GK stars have Planets:  
     Radius:  1 - 2 R Earth 
     Period:   < 100 days 
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Batalha
26% of GK stars have Planets:  

     Radius:  1 - 2 R Earth 
     Period:   < 100 days 

Mullally, Batlaha, Burke, et al:
  29% for 1-2 REarth, P < 50 d
  60% for 1-2 REarth, P < 300 d

  
Charbonneau et al:



Batalha
26% of GK stars have Planets:  

     Radius:  1 - 2 R Earth 
     Period:   < 100 days 

Mullally, Batlaha, Burke, et al:
  29% for 1-2 REarth, P < 50 d
  60% for 1-2 REarth, P < 300 d

Charbonneau et al:

Our work: Only one planet included per host star. 
==> 26% is a Lower limit to occurrence



26% of GK stars have Planets:  
     Radius:  1 - 2 R Earth 
     Period:   < 100 days 
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Planet Occurrence: 

Planet Radius and Incident Flux
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Multi-Planet Sub-Neptunes: 
Formation Clue

Orbital Distance  (AU)

 Inward migration in lock-step, 
and parking are both unlikely.

Not in Mean Motion Resonances

Sub-Neptunes formed nearly in situ.



Ü Probably Formed in close - Near where are they are now. 

Sub-Neptunes: Summary


