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Transit Photometry 
not Recommended!
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What fraction of sun-like stars in our 
galaxy host potentially habitable 
Earth-size planets?

The Kepler Mission
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Radii estimated for non-transiting exoplanets
Discovery data dithered slightly

Exoplanet Discoveries Over Time*

*According to https://exoplanetarchive.ipac.caltech.edu as of 8/29/17
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Radii estimated for non-transiting exoplanets
Discovery data dithered randomly within discovery year 

Exoplanet Discoveries Over Time

1st
Proposal 2nd

Proposal 3rd
Proposal 4th

Proposal 5th
Proposal
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• Back illuminated CCDs (20 ppm 
photometric precision)

• Sophisticated algorithms
• Computational infrastructure

Enabling Kepler
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Jupiter (~1%)

Earth (~0.01%)

How Hard is it to Find Good Planets?
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Launched 
March 7 2009

First Light Image
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Launched 
March 7 2009

First Light Image
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Inset – Stellar oscillation 
Detections before Kepler.

Main: Kepler’s 4 years of study
show the stars amplitudes
(ppm) as color coded points.
Extended study provides –
• Stellar ages and radii
• Internal differential rotation
• Convection zone depths

ages
• Rotation axis orientation
• Heliophysics-like results
…for 15000+ stars

Asteroseismology with Kepler 
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Transiting Exocomets 5

Fig. 3.— Kepler SAP photometry covering 3 days around each of the three larger comet transits. The data have been cleaned via a
Gaussian processes algorithm so as to remove most of the 20-day and 1-day spot modulations, as well as other red noise (see text). The
red curves are model fits which will be discussed in Section 5.

Fig. 4.— Kepler SAP photometry covering 3 days around each of the three smaller comet transits. Other specifications are the same as
for Fig. 3. Note that the vertical (flux) scale has been expanded by a factor of 2 compared to that of Fig. 3.

TABLE 2

Parameter Dip 140 Dip 742 Dip 793 Dip 992 Dip 1176 Dip 1268

1. Depth (ppm) 491± 38 524± 58 679± 125 1200± 100 1500± 130 1900± 150

2a. v
(a)
t (R⇤/day) 7.76± 0.31 6.55± 0.73 7.42± 0.42 3.04± 0.16 4.34± 0.39 3.70± 0.20

2b. vt (km s�1) 89.8± 3.6 75.8± 8.5 85.9± 4.9 35.2± 1.8 50.2± 4.5 42.8± 2.3
3. �(b) (R⇤) 0.44± 0.04 0.53± 0.09 0.85± 0.16 0.59± 0.10 0.76± 0.11 0.72± 0.08
4. b(c) (R⇤) 0.66± 0.05 0.47± 0.18 0.63± 0.14 0.27± 0.13 0.44± 0.17 0.27± 0.14

5. t
(d)
0

139.98± 0.02 742.45± 0.02 792.78± 0.02 991.95± 0.02 1175.62± 0.02 1268.10± 0.02

Note. — a. Transverse comet speed during the transit; b. Exponential tail length from Eqn. (1); c. Impact
parameter; d. Time when the comet passes the center of the stellar disk.

the di↵erence images, analyzing potential video crosstalk
(van Cleve & Caldwell 2016), and inspecting the data
quality flags associated with these events.
To determine the location of the source of the tran-

sit signatures, we inspected the pixels downlinked with
KIC 3542116 for the quarters containing the three deep
events, namely quarters 10, 12, and 13. Since this star
is saturated and ‘bleeding’ due to its bright Kepler band
magnitude K

p

= 9.9815, the standard di↵erence image
centroiding approach as per Bryson et al. (2013) is prob-
lematic: small changes in flux can a↵ect the nature of the
bleed of the saturated charge and induce light centroid
shifts, especially along columns. Indeed, a shift in the
flux weighted centroids in the column direction does oc-
cur during the Q12 transit, but the direction of the shift
is away from KIC 3542116 and toward KIC 3542117, the
dim K

p

' 15 M-dwarf discussed in Section 3 located
⇠9.800 away from KIC 3542116. This shift is incompati-

15 Stars observed by Kepler saturate at a magnitude of ⇠11.5.

ble with the source being KIC 3542117 as the direction
is consistent with KIC 3542116 being the source. Fig-
ure 5 shows the direct images of KIC 3542116 and the
mean di↵erence image between out-of-transit data and
in-transit data, along with the locations of KIC 3542116
and KIC 3542117. Inspection of the pixel time series over
the data segments containing the transits reveals that the
transit signatures are occurring in the pixels in the core
of KIC 3542116 and at the ends of the columns where
saturation and ‘bleed’ are happening. While the loca-
tion of the source of the dips cannot be determined with
great accuracy due to the saturation and bleeding, the
fact that the transit signatures are not apparent in the
saturated pixels but are visible in the pixels just above
and below the saturated pixels is strong evidence that
the source of the transits is in fact co-located on the sky
with KIC 3542116.
As a further check on the astrophysical nature of these

events, we also checked against video crosstalk. The Ke-
pler CCD readout electronics do “talk” to one another

Transiting Exocomets 5

Fig. 3.— Kepler SAP photometry covering 3 days around each of the three larger comet transits. The data have been cleaned via a
Gaussian processes algorithm so as to remove most of the 20-day and 1-day spot modulations, as well as other red noise (see text). The
red curves are model fits which will be discussed in Section 5.

Fig. 4.— Kepler SAP photometry covering 3 days around each of the three smaller comet transits. Other specifications are the same as
for Fig. 3. Note that the vertical (flux) scale has been expanded by a factor of 2 compared to that of Fig. 3.
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the di↵erence images, analyzing potential video crosstalk
(van Cleve & Caldwell 2016), and inspecting the data
quality flags associated with these events.
To determine the location of the source of the tran-

sit signatures, we inspected the pixels downlinked with
KIC 3542116 for the quarters containing the three deep
events, namely quarters 10, 12, and 13. Since this star
is saturated and ‘bleeding’ due to its bright Kepler band
magnitude K

p

= 9.9815, the standard di↵erence image
centroiding approach as per Bryson et al. (2013) is prob-
lematic: small changes in flux can a↵ect the nature of the
bleed of the saturated charge and induce light centroid
shifts, especially along columns. Indeed, a shift in the
flux weighted centroids in the column direction does oc-
cur during the Q12 transit, but the direction of the shift
is away from KIC 3542116 and toward KIC 3542117, the
dim K

p

' 15 M-dwarf discussed in Section 3 located
⇠9.800 away from KIC 3542116. This shift is incompati-

15 Stars observed by Kepler saturate at a magnitude of ⇠11.5.

ble with the source being KIC 3542117 as the direction
is consistent with KIC 3542116 being the source. Fig-
ure 5 shows the direct images of KIC 3542116 and the
mean di↵erence image between out-of-transit data and
in-transit data, along with the locations of KIC 3542116
and KIC 3542117. Inspection of the pixel time series over
the data segments containing the transits reveals that the
transit signatures are occurring in the pixels in the core
of KIC 3542116 and at the ends of the columns where
saturation and ‘bleed’ are happening. While the loca-
tion of the source of the dips cannot be determined with
great accuracy due to the saturation and bleeding, the
fact that the transit signatures are not apparent in the
saturated pixels but are visible in the pixels just above
and below the saturated pixels is strong evidence that
the source of the transits is in fact co-located on the sky
with KIC 3542116.
As a further check on the astrophysical nature of these

events, we also checked against video crosstalk. The Ke-
pler CCD readout electronics do “talk” to one another

Rappaport et al. 2017, arxiv1708.06069
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An RR Lyra Star
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Kepler-452b
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CAL
Pixel level 
Calibration

PA
Photometric

Analysis

TPS
Transiting Planet

Search

PDC
Pre-search Data

Conditioning

Raw
Data

Corrected
Light Curves

Calibrated Pixels

Raw Light Curves & Centroids

DV
Data Validation

Diagnostic Metrics & Reports

Threshold Crossing Events
(TCEs)

TCERT
Threshold Crossing Event 

Review Team
+ Robovetting

Artificial Transit & BEB 
Injection Machine

Artificial 
Transits 

and Eclipses

Planet, or dud?
Auto-Vetting

Applying machine 
learning to 

candidate evaluation

>1,000,000 Lines of Code; 26 different Modules

Kepler’s Science Pipeline
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Original Flux

Systematic Error-Corrected Flux
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Solar Variability
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High Solar Activity

Low Solar Activity

Detectable Energy

Detecting Transits Against Stellar Variability
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A Wavelet-Based Approach
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A Wavelet-Based Matched Filter
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An overcomplete, shift-
invariant dyadic wavelet 
decomposition
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Keeping Up with the Data
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64 hosts, 712 CPUs, 
3.7 TB of RAM,

148 TB of raw disk storage 

Hardware Architecture: 
Kepler Science Operations Center
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7.25 Pflop/s peak cluster
246,048 cores

938 TB of memory

15 PB of storage

Hardware Architecture: 
NAS Pleiades Supercomputer



Kepler taught us that planets are ubiquitous:

What Next?
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NASA/JPL

The View from Proxima b



NASA’s TESS Mission

Slated for launch by mid 2018



Kaltenegger, L. and Traub, W. (2009) Transits of Earth-Like Planets, ApJ

Transiting planets provide opportunities to 
determine the bulk planetary density and to 
characterize their atmospheres

Detecting Biomarkers through Transit Spectroscopy



+ ESA’s 
PLATO Mission (2026)

ESA - C. Carreau

+ ESA’s CHEOPS  (2018)


