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Introduction: Methods applied to the calibration
stage of Kepler pipeline data processing [1] (CAL) do
not currently use all of the information available to
identify and correct several instrument-induced arti-
facts. These include time-varying crosstalk from the
fine guidance sensor (FGS) clock signals, and manifes-
tations of drifting moiré pattern as locally correlated
nonstationary noise, and rolling bands in the images
which find their way into the time series [2], [3]. As
the Kepler Mission continues to improve the fidelity of
its science data products, we are evaluating the benefits
of adding pipeline steps to more completely model and
dynamically correct the FGS crosstalk, then use the
residuals from these model fits to detect and flag spa-
tial regions and time intervals of strong time-varying
black-level which may complicate later processing or
lead to misinterpretation of instrument behavior as stel-
lar activity.

FGS Crosstalk: This artifact appears in the images
as a pattern like that shown in figure 1. To mitigate
prelaunch risk, we defined a set of long cadence arti-
fact removal pixel (ARP) targets and continue to col-
lect them throughout the mission. These pixels are read
out at the same time as the offending periods of FGS
readout and are fit cadence-by-cadence, along with the
trailing black collateral data, to extract the time-
dependent profile of the crosstalk. Examples of this
variation over nearly 2 years are shown in figure 2.

Rolling Bands: The residuals of the FGS crosstalk
spatial model fits reveal time-varying features in the
black level caused by the drifting moiré patterns and
scene dependent response to variable stars. These fea-

£ 02

tures are too complex to correct, but the presence of
the largest variations, the rolling bands, can be flagged
in the pixel time series and the flags can then be carried
forward to the light curves to provide end users with
knowledge of affected time intervals. Figure 3 shows
an example of recurring strong rolling bands in the
trailing black over a 2 year interval. The band repeats
annually, but not at precisely the same time in the same
region.

Summary: The FGS crosstalk pixels are present in
20-25% of targets but typically vary slowly enough to
create a very small risk of reduced sensitivity or in-
creased false positive rate in the transit search. They
do have the potential to complicate or reduce the effec-
tiveness of cotrending algorithms by introducing addi-
tional cotrending terms into the light curves which are
not associated with prior relations. We will present
results regarding the improvement in cotrending per-
formance as a result of including FGS corrections in
the calibration.

The rolling bands appear in only ~10% of channels
and are present only in 3% of the total exposure, but
we estimate that because of the rotation of stars
through the affected sky groups, about 30% of light
curves are ultimately affected. Thus the utility of this is
expected to be high. We will discuss the effectiveness
of the proposed flagging and illustrate with some af-
fected light curves.
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Figure 3. Channel 92 color map of frailing Black residuals, indicating annually recurming rolling hands.



DYNAMIC BLACK-LEVEL CORRECTION AND ARTIFACT
FLAGGING FOR KEPLER PIXEL TIME SERIES

J.J. KOLODZIEJCZAK!, B.D. CLARKE? D.A. CALDWELL?
INASA MARSHALL SPACE FLIGHT CENTER, “SETI INSTITUTE (KOLODZ@NASA.GOV)

Abstract Dynablack Data Flow CAL Results and Effect on Background Pixel Time Series
Derived black-level corrections are applied to smear data in CAL and both black and smear
i i I I I i Selected Raw Data: ARPs, . . . ]
Methods applied to the calibration stage of Kepler pipeline data processing [1] (CAL) do not ‘ieral,aFFI: RCLCs { Architecture diagram showing corrections are applied to background pixels. Black, smear and background corrections are
Currently use aII.of the |nTormat|or.1 available to identify ar\d cor.rect several mstrument-lnduc?ed . —— Dynablack elements as boxes applied to science target pixels. The plots below compare CAL 8.0 with Dynablack using
artifacts. These include time-varying crosstalk from the fine guidance sensor (FGS) clock signals, Generate Linear Spatial Fit Coefficients for Each Cadence, FFI, RC and data product flow as differences between masked and virtual smear pixels and FGS crosstalk-affected background
and manifestations of drifting moiré pattern as locally correlated nonstationary noise, and rolling S?JE;LE:&;T;’;?;? arrows. Data flow is from top to oixel time series from a Q3 month Module 10 Output 2. (Note: 600 electrons/cadence is the level
bands in the images which find their way into the time series [2], [3]. As the Kepler Mission -\’ \ _ to affect a Ko =12 star by 20 PPM
_ | L L _ _ , , bottom. The standard unit of O afiect a \p =1z star by ) Frame FGS crosstalk-affected background
continues to improve the fidelity of its science data products, we are evaluating the benefits of Generate Linear Thermo-secular Fit _ Dvnablack t _
44 ol t t ool Sl 44 cal the FGS ik th Coefficients from Spatial Fit Coefficients work for dynablack is one focal ynapblaCK correctly removes pixels are corrected by Dynablack
adding plpe. ine steps to more comp .e ely model an ynamlce.l y co.rrec e | fzross alk, then Trems el i olane channel (module output) FGS crosstalk from smear data 5 | |
use the residuals from these model fits to detect and flag spatial regions and time intervals of oetients, Generate Susoact Dat _ ectan koo Ve Srear O, — 3.5 X 10 CAL SO STATIC BLACK-comredted background pixels
. . . . . o . Statistics s o Rl s for a duration of one quarter of Dynablck 3| -
strong time-varying black-level which may complicate later processing or lead to misinterpretation ) I N/ J _ & 10000 / 25 |
. . . >~ long cadence data. Resulting g 000 el J,MW,,M,_V of _
of instrument behavior as stellar activity. Monitoring _ _ o p— 15l . . . . . . .
Dynamic Black Generator e—— RBA Callbratlon COeﬁ:ICIGHtS are % 200 350 400 Noise 2 ‘ ° ° 10 2 .14 10
. -unde.rfr%%t(US) Fla-gs., applicable tO either Short Ratio oleme Varlatloioll:grmzz:ngﬁf; dynablackJCALSU reduced ch 3'5)(10' DYNAMIC'BLACK_'COWGCte'd baCkgr?Und p'X§|S
Funding for the Kepler Mission has been provided by the NASA Science Mission Directorate. B - nonlinear US, Statistics 105 ~2% g 3 '
e nonseperable 2D cadence or long cadence data. s ® S 25 ot st il B
stimates terms, % 11 \ 1," ,L E ‘ o . v 5 of i
‘WV ~ " oss| e .’... .0- % 15— 4 6 8 10 12 14 16
= = = = 200 250 300 350 400 450 S00
Proposed Dynamic Black-Level Correction Implementation in )  10DYNAMIC-STATIC BLACK-coreced background vl i
SOC Science Processing Pipeline Dynablack Input Data The dynamic black corrected CAL results have of RN [ S
Pipeline Data Flow - Full Frame Images taken 3 time per quarter not yet been run through the remain pipeline ] B P S
« 3 Reverse-clocked long cadences taken 3 time per quarter - collects only specific artifact mitigation pixels i i frame clock state + cadence number/number of cadences
A new component called Dynablack performs black level Collateral Dat Artifact R | Pixels (ARPS) elements, and the direct efiect on target pixels
At - i Ay * Loliateral Data ‘ Ifact kemoval Fixels S is difficult to demonstrate because of the
Dynablack calibrations in a two-step process: first cadence-by-cadence, — Trailing Black (Virtual Columns) — Cover time-varying FGS crosstalk comparativelv larae motion-dependent Parallel FGS crosstalk-affected background
DynaCmiIQbBI?_ck Level then across cadences. CAL is modified to use Dynablack «  Summed across 14 columns (1119-1132) — Also permit undershoot measurement following P y J P pixels are corrected by Dynablack
atibrafions . . . — Masked and Virtual Smear (Rows) charge injection rows 1060-1063) variation of individual pixel time series.
\ results to calibrate science pixels (collateral, background and . Summed over 12 rows each (718, 1047-1058) _ _x10°_CAL8.0: STATIC BLACKcorreted background pixes

R Calibrati ff n h target from : | ' ' - '
Data Coefficionts target) for each long or short cadence. a) 0) 0 We can predict the effect on each target fro 3| :
\ - —— _— 1070 T T the distibution of FGS clock states in the 25} :

[ Pigﬁi-vel }_>Capliit))(ree}tsed _{ Stbeeduent } Virtual Smear optimal apertures. Below is a histogram of "o 5 10 15 20 25
Calibrations Components | a peak-to-peak dynamic 2D black corrections per | g, x10° DYNAMIC BLACK-corrected background pixels
» o science target for all channels during Q1. The | §,°| ﬁ
Dynamic Black Level Model Components § ,:—ﬁ § | a‘ contribution of smear effects is shown in gray. § al 1 1 . . 1 '
Time interval Component Current V.8.0 | Proposed % % ;{ Approximately 4% of targets are affected by m X10DYNiMIC—STA11'IC()3 BLACK_:rrected baizgmund p:diﬁs.
Cadence-by-Cadence | Row Dependence X X s = ' > 0.02 DN/pixel/read (the level to affect a Kp 1 | | | | |
Column Dependence X i a =12 star by 20 PPM). [3] OM
Parallel FGS cross-talk 2 13 ""“"3'2 1100 1132 Histogram of Q1 peak-to-peak dynamic 2D ) paraf.e. clock st;l‘é+cadencf’numbermf;?bemf d25
AEWDIRES el X column black corrections per science target for all
Moire Pattern — Rolling Bands Monitored — — channels ©F ey . E— r— _
Undershoot Monitored Fitting for Cadence-by-Cadence Black Level Model Coefficients ) | Ch 10.2 long term trend in FGS
Across Cadences Time Dependence X Comparison of fit curves (red) and data (black) comparing trailing black collateral for channels 12.1 | crosstalk (0.02 DN/pix/read is the level
Temperature Dependence X and 20.2 for one representative Q1 long cadence. The scales include an arbitrary constant offset. :3._;0 1 to affect a Kfﬂ:glf i}i:f{czo PPM)
Currently, all terms in the black-level model are static, except for the row The light blue points are data and residuals from regions excluded from the fit because of increase . A ()éqqz Q0 SJ Q6 Q7 Q8
dependence. Dynablack enables more complete modeling and accounts likelihood of scene dependent bias due to stars with pixel values >5000 DN read-" within 400 | S S, . W ji‘:’ .
for cross-cadence time and temperature trends, as well as monitoring of columns of the trailing black in the excluded rows. The density of stars is higher in channel 20.2 in © DN/pixeljread 02 3000 1000015000200002500030000

moire pattern and undershoot. Q1, so the likelihood of stars very close to the trailing black is higher, leading to the evident higher
Flagging Intervals of Excessive Black-Level Variation Due to Rolling Bands

number of obvious outliers in the excluded region in that channel.

Rolling Band Severity Flag - Q3 M/O 13/4

Black-Level Model Component Descriptions Rolling band flagging results from ’
Module.output 12.1 Module.output 20.2
Row 20 10 0.1 . , . . . [ . . . . - channels 13.4 for Q3 show a strong =
Dependence . 0 B ke I ik ek a1 , - rolling band for the entire quarter. .
=K1 +K2I 214+1) 190 K - 1 o | i i N : :
# 62 Infrow/zt4+1) "I explrowlrowl) o row (time constant) 57g 0 - Colors represent a 4-bit severity code _ =
Constant term accounts for large (~0.15DN/frame) 0.5 02 8 = -1 I . o . . ] B 500
jitter in mean black level for image, enabling 0.0 0.0 8 02 3| ! i with values 2-16 IndICatlng Increasing @
smoothing or cotrending of other coefficients 0 200 400 600 800 1000 0 200 400 600 800 1000 ‘g, - . ’ =2 [ ’ T ) . ]
row # row # SR I rolling band severity. The max. transit =~ =
= i '3 B 7 R . . . 200
Column = SOL + C1 column + C2 column? £ 04T ' ] search single event statistic figure
= i 1 ] . . . . . 4t | . l [ p 4 s :
Dependence  SoL-startofline ringing is determined from a ‘ Tﬂ %% 200 400 600 800 1000 0 200 400 600 800 1000 indicates that the rolling bands are 500 1000 is00 2000 oaoo 3000 3500 4000
reverse- clocked data collected several times per g =] - : - - - . . . ] Maximum Single Event Statistic (SES) - Q3 M/O 13/4
quarter 0 200 400 o00 8001000 200 T 02 l ] ] ] ] 0.2 [ ] . [ ] often interpreted by the pipeline as °
CCD ¢column number = 2 1000 & =
I T 0 having enhanced transit probability. 00 [ ’
Fine Guidance Sensor Clocking Crosstalk Tlme-varymg Crosstalk Plxels 3 0 | | | | | 0 | | | | | _ = .
2D perspective: wo - . 5 0 200 400 600 800 1000 0 200 400 600 800 1000 Flagging them may reduce the false =
row number row number L 700 B8
gzi:ggst ;Gsd | T Black-lovel positive rate. Below, dark blue featurei
e Readou o Offset, DN Handling Black-Level Model Coefficient Vultiole Cad indicate long term rolling band trends * - 8
o Temperature nalin - V4 Icien ver I n . : 400
16 clock oycles JLE S Coefficient, DN/°C a g black-Level ioael Loeiticients over Wultiple Laaences in Ch 13.4, which recur annually. 49 of
Clocking Mode 1/>m Behavior of spatial fit coefficients vs. time for channels 2.1 and 20.2. An adaptive fitting algorithm 84 sky groups contain rolling bands N
S | 200 8 . . . . ;:7 7 e 7
oo eria Lo ] models coefficients as discrete, constant, time and/or temperature dependent, or smoothable. over ~50% of rows, which may affect > ~ S
rrame o w0 FGS Clock Sequence Number e) Q0-Q1: |Mean of all ACQ & DRV boards | Ch. 2.1 Serial Coefficients Ch. 2.1 FGS Frame Coefficients . . ==
1D perspective: . el . - 32 —— — T - 0.4 M 0 B 30% of Ilght CUrves.
C I H I d H (- : QCQ! Qz Q3 Q4 Qs Q6 Q7 Q8
Science omplex spatial and time I5 Exponential , sl R i) — - — - - - - '
ud N NN %" MIRIALNARR] signaturesare introduced g o B ————— =
8560 clock cycIeS by the moiré pattern drift ;3;_ 2 s nsa e ieies e
Crosstalk occurs during FGS frame and parallel o 02} — B ————— c
clocking intervals; Repeats 5 times per science frame 5 Logariihmic e ——— 7 £ =
© o1} - 1O} dtutenavmmummphpmasttustnmmaitsiions soo |- r 3
Aliased High Frequency Amplifier Oscillations O { %z : i Constant e e e ) ‘ ;”
e . L & 5| i | oy — P——
; by-Ro Therma”y Varying I: J) | o g 0.0f W 05 o e e S P S S i) _% fg.’
mplit >1GHz signal is aliased = May 01 ' 1000 Jun 01 2000 & Q 0.0 funrompemmsasppomepmiylomonatntuey . pi— : ».
o " {0 a2 row dependent mOiré E 2009 2009 c _(33 1000 1500 2000 0 500 1000 1500 2000 E .g 3 !
. - pa’[tern in frequency range Column —> g f)| 1Q1Year: PC\)C;Q 3 boarcciJgnIy o — | § g_ — Ch..20.2 Ser{al Coeff{ments . o Ch. 20_.2 FGS F_rame Co?fficients_ icgalk: - 2 : §
e 0- - — = © 04"‘%' it tostominpuraggngn , , :
' j 0-1.5MHz Rolling Bands Bands occur when moiré L C T T o] 2 " Exponential , oo i o
: . o9 Eae o S5 += © P 25} -
Row dependence caused - :::-:-::: -2 frequencycrosses 0 Hz; - f‘/ﬁ T2 o3l
& Dby readout circuit warm-up RO”,m,g, |sltr'\elrm'alll}/ Ir?d,u,ce(,j, 34 | / V\ - E ﬁ ool _ . e References
i ‘ _ } o 2 ' Logarithmic 1.5} . i « ) i i i i "
R ." A 23 Il — [1] Jenkins, J.M., et al., “Overview of the Kepler Science Processing Pipeline,” ApJL, 713 (2),
of <1 | 1 58 "Madpas . g L87-L91 (2010).
ngtt'gev\:l‘t’r‘:" tf’r:g”az 'j . ol | \M T oof % Ry '?-ns.ari | O3 [rmges | [2] Caldwell, D. A., et al., “Instrument Performance in Kepler's First Months,” ApJL, 713, L92-L96.
. R A : O S T i —————
mean electronics S b May 01~ Aug01  NovO1  Feb01  May 01 0% 500 1000 1300 2000 006 500 1000 1500 2000 (2010).
s Pew— 2009 2009 2009 2010 2010 o . [3] Kolodziejczak, J. J., et al., “Flagging and Correction of Pattern Noise in the Kepler Focal
temperature changes Frequency o Column —> [e=te=m Time in long cadences during Q0 & Q1 s -

Plane Array,” Proc. SPIE, 7742, 38 (2010).

Discovery Mission 10 - Launched 2009 - http://Kepler.NASA.gov

"4 & B = - ..° ;/..‘\‘: v /
72 JPL BLASP LHS €3 57 @) -ae
December 5, 2011 Ames Research Genter SAO  SETI INSTITUTE STScl First Kepler Science Conference/ NASA Ames




