


A Search for Habitable Planets

All the Known Planets In 1994

What have we learned in the last 25 years?
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A More Recent Picture of Planets (from June 2012)

https://xkcd.com/1071/
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• Right temperature

• Air

• Liquid water

• Light

• Radiation shield

• Asteroid protection

What Does Habitable Mean To You?
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The Goldilocks Zone

Venus: Way too hot!

Mars: Way too cold, and small!

Earth: Just right!
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Habitable Zones
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Let’s move this star away . . . 

Stars are far away …
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. . .and farther . . .



A Search for Habitable Planets



A Search for Habitable Planets



A Search for Habitable Planets

. . .and farther
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Stars are very far away.
We cannot see the planet cross in front of the star. 



What fraction of sun-like stars in our 
galaxy host potentially habitable 
Earth-size planets?

The Kepler Mission
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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

Full Moon!First Light Image
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Launch Party

Kepler generated a lot of interest
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What did Kepler Discover?
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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 9/20/19

Kepler+K2:    2713
Other Transit:  366
RV:                  755
Imaging:            40 
µlensing:           75
TESS: 20
TOTAL: 4003
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Gautier et al. 2011

Kepler-20



A Search for Habitable Planets

Circumbinary Planets:

What would it be like to have two suns in the sky?

Kepler 35
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Small Planets Come in Two Sizes

What would it be like to have two suns in the sky?

From Berger et al. 2018
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Stars are large resonant cavities 
that ring like bells

We’ve measured acoustic modes 
for >15,000 solar-like stars

Asteroseismology gives 
unprecedented precision in size, 
mass of stars

Chaplin et al 2011, Science

Kepler and Asteroseismology
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Kepler Revolutionized Asteroseismology

10 OVERVIEW OF THE SCIENCE OPERATIONS CENTER

tometry at the 20-ppm level with a raw precision of ⇠2%, and permit timely reprocessing of the
dataset as the pipeline evolved and its sensitivity improved.

The 1-min short cadence interval permitted observations of pressure- or p-mode oscillations of
solar-like stars, which have typical oscillation periods much less than a half hour. Despite being
designed exclusively for the purpose of detecting minute drops in brightness corresponding to
transit events, Kepler has proven itself adept at revealing stellar variability over a huge dynamic
range from p-mode oscillations of ⇠10 ppm and transit signatures of ⇠100 ppm, to oscillations
of RR Lyrae stars, which can nearly double their brightness every half day. Figure 2.3 illustrates
the large dynamic range (105.8) of photometric features identified in Kepler light curves with
SOC 9.3.

a

b

Figure 2.3 a: A Hertzsprung–Russell diagram displaying log luminosity vs. log effective temperature
for 15,000 stars exhibiting p-mode oscillations observed by Kepler (Huber, 2016). The points are colored
by the amplitudes of the stellar oscillations, which vary from 3 ppm to ⇠3600 ppm, illustrating that the
amplitudes vary with the mass and size of the star. The inset shows similar results for ⇠20 stars obtained
prior to 2008. b: Light curve for the RR Lyr star KIC 7671081 exhibiting amplitude modulation via the
Blazhko effect. The SOC 9.3 pipeline greatly reduces the distortions of the intrinsic astrophysical signals
in the light curves of high amplitude variable stars compared to SOC 7.0 and earlier codebases.

The Kepler SOC was developed at NASA Ames Research Center over a 12-year period of
time beginning in 2004 and continuing through the primary mission and well into the extended
mission. Three principle factors stimulated significant research and development of new algo-
rithmic approaches for virtually every module of the science data processing pipeline: 1) the
stellar variability of the main-sequence stars in Kepler’s FOV proved to be twice as large as ex-
pected, based on long-term observations of the Sun (Gilliland et al., 2011, 2015), 2) instrumental
effects caused both by radiation damage and by electronic image artifacts triggered an overabun-
dance of false alarms and threatened to overwhelm the system (Caldwell et al., 2010; Coughlin
et al., 2014; Mullally et al., 2015), and 3) the interplay of the intrinsic stellar signatures and in-
strumental signatures required the development of more sophisticated approaches to identifying
and removing systematic errors than were available in the original pre-launch pipeline design
(Jenkins et al., 2012).

As the pipeline evolved, the data needed to be reprocessed, and this, too, was a challenge.
While the the 700-node computer cluster used to process the Kepler data was able to keep up

Pressure mode oscillations measured for 15000+ starsKepler measured p-mode oscillations for over 15000 stars!
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Shock Breakout of KSN 2011d
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A Disintegrating Sub-Mercury-Size Planet
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KIC 3542116: An Exocomet Candidate
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 Kp = 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 Kp ' 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
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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.
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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 Kp = 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 Kp ' 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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Heartbeat Stars: KOI-54
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Kepler 
discovered over 
500 multiple 
transiting planet 
systems!

Multiple Transiting Planet Systems



Kepler Science Operations Center Architecture

>1,000,000 Lines of Code

26 different Modules

Pipeline can be run on a 
laptop, workstation, 
cluster, or 
supercomputer 

Time series photometry 
is extremely 
computationally 
intensive

The SOC was awarded 
the 2010 NASA Software 
of the Year Award

The complexity of the Kepler science pipeline and data volume forced us to innovate
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Keeping Up with the Data



712 CPUs
3.7 TB of RAM,
~300 TB of raw disk storage 

HARDWARE ARCHITECTURE: 
KEPLER SCIENCE OPERATIONS CENTER

It took 10 months to reprocess 2 years of data on this hardware



245,536 CPU cores
935 TB of memory
29 PB of storage
160 racks (11,440 nodes)
7.24 Pflop/s peak cluster
5.95 Pflop/s LINPACK rating
175 Tflop/s HPCG rating

HARDWARE ARCHITECTURE: 
NAS PLEIADES SUPERCOMPUTER

Transiting Planet Search Running on Pleiades

2 racks (64 nodes) 
enhanced with 
NVIDIA GPUs

184,320 CUDA cores
0.275 Pflop/s total

Kepler used up to 20,000 CPUS on the NAS
The NAS Pleiades supercomputer allowed us to 

reprocess 4 years of data in a few months



Kepler taught us that planets are everywhere!

What next?



TESS Elation!





TESS Launches April 18 2018





TESS Sky Coverage

The first eight sectors…TESS	—	Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

TESS	Montage	of	Sectors	1-8:	EclipHc	Pole	View
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TESS
Transiting Exoplanet 
Survey Satellite 

TESS 3-planet system L98-59

685 planet candidates 
15 confirmed planets 

Observation Sector 12 in progress

137 publications submitted, 82 through peer-review
(55% exoplanets, 45% other areas of astrophysics)

Last update: June 11, 2019

(Kostov et al. accepted; 
Cloutier et al. submitted)

Exciting system for potential atmosphere 
characterization with HST and JWST

• radii between 0.8 - 1.6 Rearth
• mass measurements from HARPS
• M3 dwarf at 10.6 parsec (35 ly)



TESS
Transiting Exoplanet 
Survey Satellite 

(Kostov et al. accepted; 
Cloutier et al. submitted)

TESS is starting to fill in the mass-
radius diagram



Supernovae Curves in Early TESS Observations

• 53 SNe brighter than 20th magnitude at discovery observed by TESS in 
the first nine sectors. 

• Anticipated detections in 3 years of TESS Observations: ~ 200 SNe
Fausnaugh+ 2019
arXiv:1904.02171
Submitted 4/3/19 !12



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





Questions?


