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| Kepler
Enabling Kepler A Sarcfor et

Planets

« Back illuminated CCDs (20 ppm
photometric precision)

* Sophisticated algorithms
 Computational infrastructure
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Kepler Candidate KOI-351

Jupiter (~1%)
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Key Science Results

Kepler's Greatest Hits

. Kepler-10b,C
. Kepler-11b.C d.ef.d

. Kepler-1 6b
. Kepler-47¢




V@@/ Kepler’s First Science Result
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HAT-P-7B

Another Star

:

Relative Flux

Relative Flux

-1.0  -05 0.0 0.5 1.0 1.5 20 2.5
Phase (days)

Kepler Commissioning data (10 days)
W. Borucki et al., 2009

x
=2
T

o
2
=
©

CI.),
o

Frequency, Days’1




Kepler

A Search for Earth-size
Planets

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

minos ty

Power [ppm®/uHz]

Frequency [mHz]
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Chaplin et al 2011, Science
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Asteroseismology with Kepler A Searh or Earsic

Log (Luminosity/Solar)

Huber 2016
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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
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Kepler-17b: Spot Lifetime
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A Possibly Disintegrating Planet?
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Normalized Flux
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Multiple Transiting Planets Kepler
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The Kepler Orrery

credit: D. Fabrycky
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Every time there S an 'Earth 2.0' exoplanet announced
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What NASA see. What Newspaper Artlsts see.
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What Joe Public sees. What conspiracy theorists see. What we actually see.




Kepler-452b

ARTISTIC CONCEPT




Data Validation Summary
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A Window Into Time
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Kepler-452

Optimistic Habitable Zone
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Searching for Habitable Worlds

KEPLER-452b
JULY 2015

KEPLER-20e
DECEMBER 2011

KEPLER-22b

DECEMBER 2011
KEPLER-186f

APRIL 2014
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Kepler's Small Habitable Zone Planets

As of May 10, 2016
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The Search Problem
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K@/ A Wavelet-Based Approach

Filter-Bank Implementation of an Overcomplete

Wavelet Transform o 2.1
@ BYPASS EQ =
The time series x(n) is partitioned (filtered) into e PR
10-BAND PRECISION
EQUALIZER

complementary channels

Wx(i,n) = {hy(n) * x(n), hy(n) * x(n),..., hy(n) *
x(n)} = {xy(n), X5(n),..., Xn(N)}
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Single Transit Statistics A Search for B
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Kepler

Improving the Throughput of Kepler’s Science Pipeling 4 sesshorsanisze

Planets

Some fast code; Some slow code

Step 1: Parallelize all code



Hardware Architecture: I(ep!er

A Search for Earth-size

Kepler Science Operations Center Planers

64 hosts, 712 CPUs,
3.7 TB of RAM,
148 TB of raw disk storage
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Kepler
Deploying to the NAS e

<<Deployment Descriptor>> <<device>>
SOC Pleiades Front End Pleiades Compute Node
<<device>> <<device>>
Worker Machine Pleiades Node
Javaexe D "Comp”ed"
Worker MATLAB
Science®_|
A Algorithm
<<device>> object: Pl::Worker
Storage Name :
Arrag [waiting for message] <<device>> = ]
—| MMOC [ ||Pl::RemoteSubTaskExecutor
I Network
<<device>> <<device>> .
Storage Area Network SPOC Network PE;: gglscﬁzz
{link layer = Fibre Channel} {link layer = 10GiB Ethernet} ©
| l 2]
<<device>> RMOM
Storage Area Network
{link layer = Fibre Channel}
3 | 3 | 2 | g | <<device>>
ADB Server | | MOM NFS Oracle Gateway Machine
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TEST Cluster
(Snapshot)
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Flight Ops
Cluster . Target
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¥ 4 Operations Clusters:
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= =(= %] Cluster & ArChlve)
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Science Processing Pipelines
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L ______ [
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The Coming Astronomical Data Storm: LSST A Search for Earth-s

Planets

jinning early in the next decade, the LSST will collect over 50 PB of raw data, resulting in ¢
ion observations of 40 billion astronomical sources. It will measure the positions and
2s of over 20 billion stars, or 10% of all stars in the Milky Way.







- - -
o

av .- A
. '

' 'Eagle‘-ljebulaomega I&ola
| Trtﬁd Nebula

-
s.

- e 7 .

Cyghus Loop <
'

"Cahforma Nebula : ",_,'C&.ﬂé Nel?l!{’é. £

. Crab Nebul'a,'o';jon' Nebula _ , ;
‘ ' Rbsett‘e Nebula

Ponnlbo! the Milky Way © Jon Lombem
www.jortlomberg.com




N N

- '. \
4 — “
! —
.

g i




@Zs Comparison of Host Star Brightness
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TESS Will Discover Earths & Super-Earths
Orbiting Bright Stars

Discovering New Earths and Super-Earths in the Solar Neighborhood
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Predicted Science Yield from TESS Mission
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@gs TESS Flight Hardware







Qgs TESS Enables Atmospheric Characterization

+ TESS will identify the best and smallest exoplanet targets
for characterization of atmospheres using:

= JWST
= Extremely Large Telescopes (ELTs)

= Future Exoplanet Explorers, Probes, and Large Missions

Discovering New Earths and Super-Earths in the Solar Neighborhood 24



Primary Eclipse
Measure size of planet
See star's radiation
transmitted through the
planet atmosphere

on

04 06 0.8

Relative Transmissi

0.2

1

Secondary Eclipse
See planet thermal radiation
disappear and reappear

Leamn about atmospheric
circulation from thermal phase
curves

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

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



Exoplanet

Missions

Ground-based
Observatories
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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



