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All the Known Planets In 1994
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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 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



Key Science Results
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Kepler’s First Science Result

HAT-P-7B Another Star
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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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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 many thousands of stars

Asteroseismology with Kepler 
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Désert et al. 2011 AJS 197, 14

Kepler-17b: Stroboscopic Spots
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Désert et al. 2011 AJS 197, 14

Kepler-17b: Spot Lifetime
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A Possibly Disintegrating Planet?
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Multiple Transiting Planets
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Kepler HAT-P 7b 
Light Curves!

A Funny Thing Happened on the Way to the IAU Meeting
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Kepler-452b
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A Window Into Time
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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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Short Timescale Instrumental Errors

31
Kepler is sensitive to its thermal environment

Signature of a heater cycling on the reaction wheels 3/4
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Correcting Instrumental Effects

32

High  pass filtered
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Original Flux

Systematic Error-Corrected Flux

We apply a Maximum A Posteriori approach as per Stumpe et al. 2014



A Search for Earth-size 
PlanetsThe Search Problem



A Search for Earth-size 
PlanetsThe Search Problem



A Search for Earth-size 
PlanetsThe Search Problem



A Search for Earth-size 
PlanetsSolar Variability



A Search for Earth-size 
Planets

Is stellar variability 
stationary?

No!

We must work in a joint 
time-frequency domain

Wavelets are a natural 
choice

High Solar Activity

Low Solar Activity

Detecting Transits Against Stellar Variability
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A Wavelet-Based Approach
Filter-Bank Implementation of an Overcomplete
Wavelet Transform

The time series x(n) is partitioned (filtered) into 
complementary channels

WX(i,n)  =  {h1(n) * x(n), h2(n) * x(n),…, hM(n) *
x(n)}   =   {x1(n), x2(n),…, xm(n)}
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Some Fast Code Some Slow Code

Keeping Up with the Data
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Step 1: Parallelize all code

Step 2: Make slow code fast(er)

Improving the Throughput of Kepler’s Science Pipeline

Some fast code; Some slow code
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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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5.34 Pflop/s peak cluster
211,872 cores
724 TB of memory
15 PB of storage

Hardware Architecture: 
NAS Pleiades Supercomputer
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<<Deployment Descriptor>>
SOC Pleiades Front End

<<device>>
Storage Area Network

{link layer = Fibre Channel}

<<device>>
Pleiades Compute Node

<<device>>
Storage

Array

ADB Server MOM Oracle

<<device>>
Pleiades Node

"Compiled" 
  MATLAB

Science 
Algorithm

 
PI::RemoteSubTaskExecutor

<<device>>
Pleiades Node

 RMOM

<<device>>
Gateway Machine

<<device>>
MMOC 
Network

NFS

<<device>>
SPOC Network

{link layer = 10GiB Ethernet}

<<device>>
Storage Area Network

{link layer = Fibre Channel}

<<device>>
Worker Machine

java.exe

Worker

[waiting for message]

object: PI::Worker 
Name
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6 Clusters:
4 Operations Clusters: 

Flight Ops, Quarterly, Monthly
& Archive)

2 Test Clusters:
LAB & TEST

Science Processing Pipelines
Long Cadence Photometry Pipeline

Transit Search 
Pipeline

TPS DV

CAL PA PDC PAD

FFI Pipeline

CAL PA

PPA

DYN TAD

Short Cadence Pipeline

CAL PA PDC

PMD PAG
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The LSST Survey
8.4 meter, wide-field, f/1.2 telescope.
3.2 Gigapixel, 189 4k x 4k CCD camera, with 

2-second readout.
PetaFLOPS of computing power, hundreds of 

PB of storage, gigabit long-haul 
networks.

Turning the sky into a database.

The Coming Astronomical Data Storm: LSST

Beginning early in the next decade, the LSST will collect over 50 PB of raw data, resulting in over 
30 trillion observations of 40 billion astronomical sources. It will measure the positions and 
properties of over 20 billion stars, or 10% of all stars in the Milky Way.
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TESS Elation!





TESS Sky Coverage



Discovering	New	Earths	and	Super-Earths	in	the	Solar	Neighborhood

Comparison	of	Host	Star	Brightness

TESS	Will	Discover	Earths	&	Super-Earths
Orbiting	Bright	Stars
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TESS
Earths	&
Super-Earths

Planet	Radius	(RE)
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+4
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TESS	Planets:	
Easier	to	
Followup

TESS,	Bright	
Stars
Kepler,	Faint	
Stars

Naked-Eye

Binoculars

Telescope





TESS	Telescope



TESS Flight Hardware



TESS Spacecraft





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
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• We now know of ~2,300 planets orbiting other stars

• ~20 of these planets are less than 2X the size of Earth in the 
habitable zone of their star

• Kepler-452b is the first small, possibly rocky planet in the 
habitable zone of a G2 star like the Sun

• TESS is NASA’s next mission to find Earth’s nearest neighbors


