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Overview Ké’l?’lér

A Search for Earth-size
Planets

. Key Challenges

. The Kepler Mission

J Key Science Results

. Correcting Systematic Errors
. Searching for Transits

. Summary

Jupiter: Earth or Venus
1% area of the Sun (1/100) 0.01% area of the Sun (1/10,000)
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Critical Questions: Kepler

A Search for Earth-size
Planets

Are terrestrial planets common or rare?

What are their sizes & orbital distances?

How often are they in the habitable zone?

What is their dependence on stellar properties?

Bottom Line: Are We Alone?
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Key Technical Challenges Kepler

A Search for Earth-size
Planets

1. Terrestrial planets are really small ~100 ppm deep
signatures

= 20 ppm photometric precision

2. Transits occur on timescales of one hour to ~ ¥2 day
= Sample at ¥2 hour cadence

3. Transiting planets are rare (geometric probability of
alignment is ~0.5% for Earth analogs)

= Observe ~100,000 stars

4. We don’t know when a transit will occur
= Stare at one FOV for 3.5-10 years and don’t blink
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The Solution: The Kepler Mission Kepler

A Search for Earth-size
Planets

KEPLER: A Wide Field-of-View Photometer that monitors
>100,000 Stars for 3.5 yrs with precision to find Earth-size

Transit Detection using:

0.95 meter aperture i A |
Wide FOV: 100 sq deg
42 CCDs s

>= 3.5 years

Fixed pointing
Heliocentric orbit
170k targets: 30 min
512 targets: 1 min

TIME IN HOURS




Kepler Field Of View epler

A Search for Earth-size
Planets




First Light Image
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Kepler: Big Data, Big Challenges Kepler

A Search for Earth-size
Planets

Big Data:

>150,000 target stars

6x106 pixels collected and stored per %2 hour
~40 GB downlinked each month

>40x10° points in the time series over 3.5 years

Big Processing Challenges:

Instrumental effects are large compared to signal of interest
Observation noise is non-white and non-stationary

~80%10° tests per star for planetary signatures for 2 years of data
~1400x109 tests per star for planetary signatures for 8 years of data

Computations grow as [O(N?)]




Hardware Architecture Kepler

A Search for Earth-size
Planets
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Key Science Results
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Full year yields smaller planets and longer periods
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Over 2300 Candidates with 16 Kepler

M o n t h S Of D at a A Searcl;) {Z;, :erth-size

Improved pipeline reveals many previously unseen planets
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Distribution of Planet Diameters
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Kepler-10b: Kepler’s First Rocky Planet Kepler

A Search for Earth-size

Planets
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Mass-Radius Relationship Kepler

A Search for Earth-size
Planets

S Water planet (50% water by mass)
@ 55Cnce Earth Composition
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Processing Kepler Data



The Kepler Science Pipeline:
From Pixels To Planets

Keple;
A Search for Earth-size
Planets

_ PA
CAL CaFljllbraIted Photometric
ixels i
[R;Z;’; —»| Pixel Level > Analysis
cellizEions Sums Pixels Together/
Measures Star Locations
Raw
Light
l} Curves/
‘ l Centroids
Corrected PDC
TPS Light Curves | R
Transiting Planet <+ 9
Search Removes Systematic
Errors
> DV Diagnosticf
TCEs: Data Validation Metrics ©
Threshold Crossing Events




Step 1: Calibrating Pixels  Kepler

A Search for Earth-size
Planets

. PA
Ca||.brated Photometric
Pixels N Analysis

Sums Pixels Together/
Measures Star Locations

Raw
Light

o

Curves/
Centroids

Corrected PDC
TPS Light Curves Presearch Data
Transiting Planet <+ SEmEienig
Search Removes Systematic
Errors

DV Diagnostic

> —> .
TCEs: Data Validation Metrics

Threshold Crossing Events




@

-size

= I,
S €
S 3 o
,Wull .
) = 1
S
K& o
=

HAT-
millidegrees
28 pixels collected

6.6x6.6

|
|

Module 17 Output 2

.-..Jl.vn .

_.< ! ..qw Lo

-
Q
Q.
D
X
&
O
-
LL.
©
e
©
o
[
>
D
-
O
o
a

2
ks o
o D nla
| - — i
®© ) o)
() O pn +
% O X O
© O g X
o
£ 4 <o
o N~ » RS
D A S X O
= . O <t
S O o0 ©
o)
N

= no data

Black

Scaled to show faint detail

1.13 (h) x1.22 (w) degrees

~Jon M. Jenkin

SO
. \\ o .
SETI INSTITUTE




Step 2: Photometric Analysis  Kepler

A Search for Earth-size
Planets

c Calibrated
AL Pixels
Raw —» Pixel Level
Data Calibrations
Raw
Light
b Curves/
‘ l Centroids
Corrected PDC
Transiting Planet < J
S Removes Systematic
Errors
DV Diagnostic
—> .
TCEs: > N aldation Metrics
Threshold Crossing Events

28 Jon M. Jenkin



tep 3: Removing Systematic ErrorsKepler

A Search for Earth-size
Planets

PA
Photometric
Analysis

Sums Pixels Together/
Measures Star Locations

Raw

Light

b Curves/
Centroids

c Calibrated
AL Pixels
Raw —» Pixel Level >

Data Calibrations

Corrected
TPS Light Curves
Transiting Planet <
Search
‘ > DV
TCEs: Data Validation

Threshold Crossing Events

Diagnostic
Metrics

28 Jon M. Jenkin



Step 4: Searching for Planets  Kepler

A Search for Earth-size
Planets

| PA / -
L CaFI>|.bre|1ted Photometric / »
ixels : |
[F\))a;N —»  Pixel Level > Analysis
dala ibrati
cellizEions Sums Pixels Together/
Measures Star Locations
Raw
Light
b Curves/
‘ l Centroids
Corrected PDC
Light Curves Presearch Data
Conditioning
Removes Systematic
Errors
.i DV Diagnostic
g —> .
TCEs: Data Validation Metrics
Threshold Crossing Events




Step 5: Validating Potential Planets Kéepler

A Search for Earth-size
Planets

| PA / >~
CAL CaFLI_bréllted Photometric /
ixels i “
- [F\; a;N —»  Pixel Level > Analysis
a a . "
Calibrations Sums Pixels Together/
Measures Star Locations
Raw
Light
b Curves/
‘ l Centroids
Corrected PDC
Transiting Planet < °
Search Removes Systematic
Errors
Diagnostic
TCEs: Metrics

Threshold Crossing Events




What Does a Planet Sound Like?  Kepler

A Search for Earth-size
Planets

HAT-P-7B Another Star

2
T}
g
.E
K
q
a

0.9960

Relative Flux

0.9940

1.0002

1.0001 M

Relative Flux

0.9999

0.9998

Relative Flux

-1.0 . 0.0 0.5 1.0 1.5
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Kepler Commissioning data (10 days) Froquency, Days” 10"
W. Borucki et al., 2009

82 Jon M. Jenkin

SETI INSTITUTE

&



Correcting Systematic Errors



Short Timescale Instrumental Errors Képler

A Search for Earth-size
Planets

Signature of a heater cycling on the reaction wheels 3/4
4 T T T T

3

2_

Drift, mpix/Change in Scale, u pix

— A Col
— A Row
Focus

IN
T

-5 | | | |
4980 4982 4984 4986 4988 4990

Time, JD-2450000

Kepler is sensitive to its thermal environment

*. 1% .
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Correcting Instrumental Effects Kepler

A Search for Earth-size
Planets

1.015 | | 1 |

1.01

1.005

f/l<f>

1

0.995 Original
Corrected
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2000 | | | |
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Time JD - 2450000
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PDC Often Over-Fits Variable Stars Kep¢3r

ASea thh

0.04
0.02- |
|l A M| ! ~‘
ok | | |
[ '] 1 ]“
x it |
=
L
£ 002 .
I
O
o
-0.04 -
-0.06 -
— Original
— LS Fit
_008 | | | | | |
0 5 10 15 20 25 30 35
Time, Days

A star fitted with systematics (green) extracted by SVD
from 1400 “quiet” stars from Q1 on Channel 2.1. @
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A Search for Earth-size
Planets

PDC Is Fundamentally Flawed Képler

PDC co-trends against instrumental
signatures using least squares (LS)
approach

LS attempts to explain all of a given
time series, not just the part the
model can explain well

There is no way a simple LS fit can “put
on the brakes”

PDC often trades bulk RMS for
Increased noise at short time scales

STARBECKS &
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A Bayesian Solution Kepler

A Search for Earth-size
Planets

« Examine behavior of ensemble of stars responding to
systematics

« Formulate prior probability distributions for model coefficients
« Maximize Posterior Distribution: »
f =argma < log[ p(xc]

0

First Singular Component
T T

Value

1st Coefficient

11
KepMag

“A Bayesian is one who, vaguely expecting a horse, and catching a glimpse of a donkey,
strongly believes he has seen a mule.”

&
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Actual PDFs Are Non-Gaussian  Kepler

A Search for Earth-size
Planets

Frequency

16 I I T I T

|
B 56 coefficients
ksdensity PDF fit

14 7

12 —

—_
o
I

1

[0}
I

0
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Coefficient Value
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Example 1 Ké’ﬁ"'?"

An RR Lyrae star that is treated poorly by robust LS, but is well-served by MAP

1.2
1k — Original
— LS Fit
— MAP Fit
0.8

©
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o
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e 3
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35

“8 2 Jon M. Jenkins@
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Example 2 Kepler

A Search for Earth-size
Planets

A “quiet” star dominated by systematics.
The LS and the MAP fits are comparable.

0.03 T T T

Original
N LS Fit

0.02 , _

u MAP Fit

0.01 Ny _

-0.01 B

-0.02 4

_003 1 | | | | 1
0 5 10 15 20 25 30 35
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PDC-MAP Example

Kepler

A Search for Earth-size
Planets

Flux, e-/cadence

Flux, e-/cadence

x10° Target = 176; KID = 7847766, Mag = 15.192
1.56
I \ I \ I
154l w s "h_
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Searching for Transit Signhatures
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Detection Statistics For Colored Noise Képlé?’

A Search for Earth-size
Planets

w is (colored) Gaussian noise with autocorrelation matrix R
x is the data
S is the signal of interest

Decide sis presentif 1 = >y

How do we determine R? Looks like a simple matched filter!

If the noise is stationary, we can work in the frequency domain:

CrX(HS(H
r-J P(f) g / «




Solar Variability Kepler

A Search for Earth-size

Planets
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PSDs for Solar-Like Variability

Kepler

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

10° ¢ e 10°
—— 8-hour Transit
------ 12-hour Transit 5
1 . Solar Min -
1000 Solar Max 10 -
£ Solar Activity=
S 10° L 3710° 3~
N 1«
2 =
e | =3
- q >
S.10" . (107 £
@ NG e c
NG :
\~~~ a-,
10- E ~§~;10'2 g
' ‘ o
10° e e - 107
10” 10" 10° 10’

Time Scale, Days
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Kepler-like Noise + Transits  Kepler

A Search for Earth-size
Planets

1367.5 . ! . . . .

1367

W/m-=2

1366.5

I I
 ———
P —
— ——
|

1366 7

Solar lrradiance

1365.5

1 3650 200 400 600 800 1000 1200 1400

Time, Days

&

82 Jon M. Jenkin



Single Transit Statistics Ke

A Search for Earth-size
Planets

Single Event Statistics, o
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Folded Transit Statistics Képléf

A Search for Earth-size
Planets

12 . | | | | |
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Time to First Transit (Epoch) Kepler

A Search for Earth-size
Planets
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Summary Kepler

A Search for Earth-size
Planets

Kepler has initiated an explosion of exoplanet research,
effectively tripling the number of known exoplanets

There are an astonishing number of multiple planet systems
and these are remarkably coplanar — like the solar system

Kepler’s noise regime requires new algorithms to properly
handle the huge dynamic range in stellar variability and the
complex instrumental signatures

Adaptive matched filters are required to account for non-
stationary, non-white noise

We're just getting started: hold on to your hats!




Managing Kepler’s Data Volume Kepler

A Search for Earth-size
Planets

Key Requirements:
Collect and store image data for up to 170,000 stars for up to 66+ days
Downlink 31 days of data in less than 24 hours

Solution:

 Collect only pixels of interest

« Compand data to manage quantization noise as a term in noise budget

« Detrend the data to centralize the measurements to be transmitted

« Entropically encode the data before CCSDS packetization (must be robust)

Raw o o -Requant Table 0 Length-Limited
Pixel Lookup Requant Huffman Code SSR
) T Index )

# Co-Adds —> Fixed

Offset Baseline Value
Mean | Cadence # Update Update _ "

Black Level Baseline? Baseline




260

~.Pixelsof _.

- interest ‘

.specified for
downlink - =

Generate synthetic images of each star 'and.its background sce*n.e -

o s e - _
Perform SNR calculation toidentify pixels of interest for protqmetry_ -

Add a 1-pi.xel'buffer.rin§] STNT .
e . . Image by Carter Roberts (19216—200‘8')
Choose smallest of 1024 masks that will cover POI '

© Only-4% gxcéés pixels collected



Step 2: Requantization Ké’l‘i‘!é?‘

A Search for Earth-size
Planets

Manage quantization noise in noise budget — %4 of intrinsic measurement noise

Must account for dispersion of read noise, gain, and bias across 84 channels!

Raw pixel measurements are represented with 23 bits

Requantization compresses the data to 16 bits

— — — —

o N A O

o O O O
T

Requantization Table Step Size
00}
o

60
401 e~ *  Lower Guard Band s
N - Nominal Range All Data Types
20 Upper Guard Band
O i | | | | | | | | | ]
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Requantization Table Value, ADU x 10°

&
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Step 3: Huffman Coding Kepler

A Search for Earth-size
Planets

Subtract a baseline measurement (changes on a daily basis)
Entropically encode residuals with a Length-Limited Huffman Code

Compresses the data to 4.4 bits/symbol

10 : . . : : 0.35
b O  Achieved

— 9r X Theoretical |- 0.3
()]
X
o 0.25¢
o)
o 0.2
b2
m 0.15
2
S 0.1
0 0.05 |

0

0 0.2 0.4 0.6
Time, Days Since Start Of Q3 Excess Bits Per Pixel
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LY Watch the Transit of Venus on June sth Kepler

A Search for Earth-size
Planets

Image Credit: Jan Herold/Wikipedia (CC BY-SA 3.0)
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The Future!?! ](gp!e"‘r

A Search for Earth-size
Planets

'S 14 : s ' b oases biw smusibionet Ave there

“Well, this mission answers at least one big question: Are there

Drawing by H. Martin; © 1991 . . . i
The New vorker Magazine. e, Other planets like ours in the universe? 27 Jon M. Jenkin
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