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Chapter 1

Ov erview

1.1 Scope and Intent of Document

This document is intended for scienceusersof the InfraRed Array Camera (IRA C) as an aid
to understand the speci ¢ steps used by the data reduction pipeline created by Spitzer Sci-
ence Center (SSC) to reduce IRAC data from a raw to calibrated state. This documert rep-
reserts an overview of our current knowledge of the pipeline and is subject to change with-
out notice. Additional documertation on IRAC and Spitzer is available on the SSC website,
http://ssc.spitzer.c altech.adu, including the Spitzer Obserer's Manual (SOM; seeespecially the
IRA C chapter) and the IRAC Data Handbook.

1.2 IRA C Description and Functional Op eration

The InfraRed Array Camerais an imaging cameraoperating at four di®erent xed wavelengths.
There are two elds of view, and each FOV is obsened simultaneously at two di®erert wave-
lengths by two di®erert detectorsfed by beamsplitters. The short wavelength detectorsare InSb
devices,while the two longer wavelength detectors are Si:As devices. Each array is 256x256pix-
els, with the sameplate scale(1}.2 per pixel), and is read out via four readout channels. These
readoutsare arrangedin vertical columns| ewvery fourth columnis part of the samechannel. A
multi-sampling technique (called Fowler-sampling) is used. At the beginning of eath exposure
the array is read out non-destructively a set number of times. The results are accunulated
internally by the warm electronics. At the end of the exposure the arrays are again read out
non-destructively the samenumber of times. The result is accurrulated in a 24-bit bu®er on-
board IRA C. Howeer, for transmissionto the ground only 16 bits are sert. This is accomplished
by dropping the sign bit and transmitting sixteen bits higher than a barrel-shift value, which is
stored in the keyword ABARREL in the header.

There are two componerts to IRAC: the cold assenbly and the warm electronics. The cold
assenbly primarily contains the detector arrays. It is temperature controlled to milliKelvin
levels and is cortained within the cryogenically cooled Multiple Instrument Chamter (MIC).
The warm electronicslies outside the MIC and is integrated with the spacecraft. It contains all
of the cortrol electronics.

For a more detailed description of the IRAC instrument, usersare referred to the Spitzer
Observer'sManual (SOM).



Chapter 2

IRA C Science BCD Pip eline

The IRAC BCD (Basic Calibrated Data) pipeline is designedto take a single raw image from
a single IRA C detector and produce a °ux-calibrated image which has had all well-understood
instrumental signaturesremoved. The following describesthe data reduction pipeline (Figure
2.1) for sciencedata. Similar pipelinesare usedfor reducing calibration data.

The IRAC pipeline consistsof two principal parts: the data reduction software modulesand
the calibration sener. The individual modules eat correct a single instrumental signature.
They are written as standalonecode executablefrom the UNIX commandline. Each usesFITS
‘Tes and text con guration Tes asinput and producesone or more FITS Tles and log les as
output. These modules are strung together with a single perl script. The actual calibration
data neededto reduce a given DCE is produced via \calibration pipelines", described later in
this documert. A raw IRAC DCE is thus \passed" between successie modules, and at eath
step becomescloserand closerto a nished, fully reducedimage.

The following sectionsdescribe the reduction stepsusedto producethe BCD data.

2.1 SANITY DATATYPE (parameter checking)

Before data proceedsthrough the pipeline, it is chedked to ensurethat it is the type of data ex-
pected. In particular, ancillary keywords are chedked againsttheir expectedvaluesto ensurethat
they arein rangeand of the expectedlogical state. Theseinclude the shutter state (open/closed),
transmission and °ood calibrator lamp status (on/o®), and read mode (full/subarra y).

2.2 SANITY CHECK (image contents checking)

Before pipeline processingcontin ues, the actual image cortents are chedked to ensurethat they
contain values expected for actual image data. Thesetests include cheding to insure that the
image is not all zeros,that the pixels are not all identical, or that areasof the image do not
have an abnormal data range.

2.3 TRANHEAD (header pro cessing)

The FITS headersdelivered by JPL/F OS are translated into a more readable format. For
example,

A0612D00= 14478455 | AINTBEG
A0612E00= 1.4478455E5 | [Sec]
A0614D00= 8 / AFOWLNUM
A0614E00= / [NONE]
A0615D00= 44 | AWAITPER
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AO615E00= /' [NONE]
A0657D00= 14479495 /| ATIMEEND
A0B57E00= 1.4479495E5 | [Sec]

is translated to:

AINTBEG= 144784.55 | [Secs since IRAC turn-on] Time of integ. start
ATIMEEND= 144794.95 / [Secs since IRAC turn-on] Time of integ. end
AFOWLNUM= 8 / Fowler number

AWAITPER= 44 |/ [0.2 sec] Wait period

It is alsoat this stagethat \deriv ed" parameters, most notably the integration time, are added
to the headers. The integration time is related to the Fowler number (AF OWLNUM) and the
number of wait periods (AWAITPER) via

EXPTIME = modea (AW Al TPER + AF OWLN UM) (2.1)

The integration time is stored in the headerin the keyword EXPTIME. Another timescale
of importance is the frame time. This is the actual length of time that the obsenation was
integrating on the sky, and is equal to

FRAM TIME = modea (AWAI TPER + 22 AF OWLN UM) (2.2)

The factor modeis equalto 0.2 seconddor full-array mode, and 0.01 secondgor subarray mode.
The read-made is determined by the least signi cant bit of the ancillary keyword AREADMOD.
The easiestway to tell is if AREADMOD is O (or even) then the mode is full-array. If it is 1 (or
odd) then the imageis sub-array.

Note that becauseof TRANHEAD processingthe headersof the raw data and the nal BCD
data products are not identical. In general, usersshould only needto read the BCD headers.
Howewer, if it becomessomehav necessaryto examine any of the cameratelemetry (voltages,
currents, etc.), then they can be read from the complete raw data header. The raw ts images
are reducedby the pipeline into the BCD ts imagesdirectly.

2.4 INSBPOSDOM (InSb array sign °ipping)

The IRAC InSb arrays are operated in such a way that °ux appears\negative" in the raw data
(Figure 2.2). That is, data numbersstart at 65,535(16-bit max) for zerolight levelsand become
increasingly closeto 0 aslight levels increase. This module recti es this sothat increasingDN
yields increasing °ux (0 to 65,535),asis more common. This is done by

Aout = (65;535] Ain) (2.3)

where A is the pixel intensity in DN for the two InSb arrays (ACHANID = 1 or 2). ACHANID
is turned into CHNLNUM in the BCD headerby a last step in the pipeline.

2.5 CVTI2R4 (byte type changing)

Data is converted from the native unsigned 16-bit format used by IRAC to the 32-bit °oating
point format usedin astronomical calculations. At this point, the following DN is addedto all
pixels in order to accourt for the bias introduced by the spacerafton-board bit truncation.

i O5£ (1 2i ABARREL)  for channel 1 & 2
+0:5£ (1 2i ABARRELY  for channel 3 & 4
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Figure 2.2: INSBPOSDOM works only on the two InSb arrays (Channels 1 & 2) and reverses
the senseof the intensities.

Here, \AABARREL" is the barrel-shift number keyword where the bit truncation occurs (see
section\IRA CNORM"). Also, if the headerindicatesthat any rows or columnsare blank (usually
due to data lossduring transmissionfrom Spitzer to the ground), then those pixels are set equal
to NaNs.

2.6 Wraparound Correction: IRA CWRAPDET AND WRAP-
CORR

IRAC su®ersfrom two kinds of \wraparound” errors, wherein DN values are actually multi-
valued. That is, a given DN actually correspondsto more than one possible®ux level.

IRA CWRAPDET  (sign truncation wraparound)

As a means of data compression,IRAC discards the sign bit of its data before transmission
to the ground. This createsan ambiguity in that negative numbers appear in the raw data as
very large positive numbers. However, by designthe detector reachesphysical saturation before
‘electronic’ (A/D) saturation (Figure 2.3). That is, the maximum physical valuesthe detectors
will ever haveis around 45,000DN for the InSb arrays and 60,000for the Si:As arrays, which are
lessthan the maximum 16-bit value of 65,535. IRA C usesthe 2s-complemen storage systemfor
negative numbers. In this systemnegative numbersare denotedby setting the sign bit and then
complemerting (i.e. °ipping) all the remaining bits. For example,in 2s-complemen storage, 1
is represeried by 65534in unsignedinteger form. Therfore, values higher than the maximum
saturation levels must be \wrapp ed" negative numbers. For ead array a set of maximum values
has beenchosensud that no pixel will be erroneouslyidenti ed aswrapped. The module then
°ags any pixels lying in the \wraparound" DN region.

Obseners are strongly cautioned to either ensurethat their obsenations use suitable expo-
sure times sud that their targets do not saturate, or to ched for possiblesaturation problems
by examining the structure in their data. If a user nds that any part of their image is near
the saturation value (typically either 45,000in channels1 & 2 or 60,000in channels3 & 4,
respectively) then they should suspect surrounding pixels of being near saturation.
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Figure 2.3: Diagram of the wrapping of negative valuesdue to truncation of the sign bit.

IRA CWRAPCORR  (wraparound correction)

This module usesthe °ag bits setby the previousmodule and attempts to correct the wraparound
problem (Figure 2.4). Note that currently only sign truncation is corrected in the data, non-
linearity wraparound, i.e doughruts, is a problem currently being worked on by the IST.

This correction is made by

Acorrected = Auncorrected i 65535 (2-4)

2.7 IRA CNORM (Fowler sampling renormalization)

IRAC data is taken with Fowler (multi) samplingin order to reduceread noise. This is done by
non-destructively readingthe array multiple times (set by the Fowler number), and accunulating
the sum into an internal register. Since these reads are summed, the result must be divided
by the number of readsin order to get the actual number of DN. Additionally , when data is
transmitted to the ground a variable number of least signi cant bits are discarded as a means
of data compression(Figure 2.5). In order to correct for the e®ectsof bit-truncation and Fowler
sampling the data is transformed by

Ain a 2AB ARREL

AF OWLN UM
where ABARREL is the barrel-shift keyword and AFOWLNUM is the Fowler number keyword.
Note that in normal usagethe Fowler number and barrel shift actually used and commanded
by the sciencecerter are suc that they cancel,i.e.

Aout = (2.5)

2AB ARREL

AF OWLN UM
and henceobseners should not be surprisedif this module normally appearsto do nothing.

=1 (2.6)




Figure 2.4: Application of IRACWRAPCORR to Channel 1 data (upper left quadrant shown in
inverted color scale). The many apparertly \hot" pixels are actually wrapped negative values,
which are detected on the basis of their vastly exceedingthe physical saturation value for the

IRACWRAPCORR
IRACWRAFDET

—_—>

detectors, and corrected by subtracting the appropriate value. Real hot pixels do not exceed
the physical saturation value, and henceare not changed.

23

16

Y

Transmitted to Ground

Figure 2.5: lllustration of bit truncation usedby IRAC for ground transmission, neccesitating
IRACNORM. The internally stored 24-bit word is truncated to 16 bits, with a sliding window

set by the barrel shift value. lllustrated is the casefor ABARREL=4.




2.8 SNESTIMA TOR (initial estimate of uncertain ty)

The module snestimator calculatesthe uncertainty of ead pixel basedon the input image (here,
the input image s the output of the IRACNORM). The uncertainty for ead pixel is estimated
as the Poissonnoisein electrons and the readout noise added in quadruture. The formula for
the calculation is as follows

2 _ 3.2 2
Y% = Yfeadnoise t ?/‘boisson (2.7)

To obtain an expressionin DN, %ais divided by Gain. This uncertainty image will be carried
through the pipeline, and additional uncertainty (e.g. dark and °at uncertainties) will be added
when appropriate.

2.9 IRA CEBW C (limited cable bandwidth correction)

The cablesthat connectthe IRAC Cold Assenbly (the detectors) to the Warm Electronics
Assenbly (the readout electronics) have a characteristic time constart similar to the rate at
which individual pixels are read. As a result, all pixels have an \echo" or ghostin the following
readout pixel (Figure 2.6). Sincethe pixels are contained in four readout channels, the \next"
pixel is actually four pixels to the right. The rst pixel read out in an IRAC imageis the rst
data byte in the image, and is situated in the lower left corner in most astronomical display
software.

This e®ectis corrected for by using the known readout order of the pixels. Starting at the
‘rst pixel, we correct the following pixel, and so on. An additional wrinkle is that the time
required to go from the end of onerow to the beginning of the next is slightly longer (by 75%)
than the time to go from onecolumn to the next in the samerow. As aresult, a slightly di®eren
coexcient must be applied. The task is simpli ed by two things. First, the e®ectis so small
that it is only necessaryto correct the following pixel, as the next eco is belov le-5th of the
original in intensity. Second,the time of the e®ectis much faster than the decay time. Thus,
the problem needonly be solved in onedirection. The current bandwidth coexcients are given
in Appendix A. They are applied using

An+s = An+a i An (2.8)

where A is the pixel intensity in DN and - is the correction coexcient for a given readout
channel (of 4). A di®erent value of - is usedfor correctionsthe rst 4 pixels in arow, basedon
the pixel valuesof the last four pixels of the previous row.

2.10 Dark Subtraction I:
FFCORR (First Frame E®ect Correction) or LABD ARK-
SUB (Lab Dark Subtraction)

The true dark current in the IRAC detectors is actually very low | the most notable dark
current featuresare the electronic glows seenin the Si:As arrays (channels3 & 4). However, the
IRA C arrays experienceconsiderablepedestalo®setswhich are commonly of the order of tens of
DN. These o®setsare dependert on the Fowler sampling, exposuretime, and operation history
of the arrays, and are believed to be due to very small thermal changesin the internal IRAC
cold electronics. The most signi cant of these o®setsis the \ rst-frame" e®ect: the laboratory
measuremelts shov that the dark patterns and DC levels change as a function of the time
elapsedbetweenthe end of the previous frame and the start of the current frame (called \delay



IRACEBWC

Figure 2.6: Correction of cable-inducedbandwidth error by IRACEBWZC. The illustrated data
is a cosmicray hit.

time"). The rst frame of a seriesof exposuresis most a®ected,and therefore this e®ectis called
\the “rst-frame e®ect". Figure 2.7 shawvs how the DC levels of darks change as a function of
delay-time.

Due to the decisionnot to usethe photon-shutter on the IRAC for dark and °at measure-
ments, we have a somewhatsophisticated dark subtraction procedure. There will be two steps
for the dark subtraction, one using a dark from the ground-basedlaboratory measuremeits
(called, \lab darks"), and another using a delta dark which is the di®erencebetweenthe lab
dark and the sky dark measuredat the low zodiacal light region.

In the rst step of dark subtraction, we subtract a calibrated lab dark from the data at this
point in the processing. This lab dark subtraction occurs before the linearization of the array,
sothat we can linearize the data aswell aspossible. The labdark subtraction will be handled by
a combination of modules including LABD ARKSUB and FFCORR depending on which kind
of labdark data is needed.In someobservingmodes (subarry mode, shortest frameswithin the
HDR mode andthe rst frame of an AOR), not enoughdata are available to construct delay-time
dependent darks. In sudh cases,a single mean dark has been computed using '30s' as a delay
time, and it is usedasa labdark. The LABD ARKSUB module subtracts this meanlabdark. The
correction of the “rst-frame e®ectfor all other framesis handled by the FFCORR module, which
interpolatesthe library of labdarks taken of di®erert exposuretimes with di®erert delay times,
and createsa labdark corresponding to the particular delay time of the frame being calibrated.
Thesedelay-time dependert darks are then subtracted from the IRA CEBW C-processedrame.
Therefore, FFCORR requires a number of di®eren labdarks taken with di®erert delay-times
to calibrate properly. These were taken pre-launch and have beenloaded into the calibration
database. The IRA C pipeline determinesplacesthe delay time and lab dark that wassubtracted
within the headerkeywords of the BCD.

The secondstep of the dark subtraction usesa delta-dark found in the SKYDARKSUB
module described below. This 'skydark’ is subtracted from the IRA C image after the lineariza-
tion and should take away any additional dark features which are not presen in the labdarks,
but exist in the °ight-data. Note that the delta-dark includes the sky badkground around the
low-zody region.

10
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2.11 MUXBLEEDCORR (electronic ghosting correction)

The InSb arrays su®erfrom an e®ectknown as\m uxbleed". This is believed to be a result of
operating the arrays at unusually cold temperatures. When a bright sourceis read out, the cold
electronicsdo not return to their quiescen state for a considerablelength of time. The result is
a ghosting along the pixel readout channels, sometimesreferred to as\ant trails" (Figure 2.8).
The e®ectis easily noticeable against a low badkground (such as a dark current measuremet),
and can extend the full length of the array. The muxbleed °ux is not real | it is not \b orrowed"
from the actual sourceand as such needsto be accourted for, or removed, unlike CTE smearing
in CCDs.

Figure 2.8: Correction of pseudo-nuxbleed for channel 1. Shown is a bright sourcewithin a
calibration AOR and a badground of sourcesunder the muxbleed limit.

This e®ectis complicated and still under further characterization in °ight. It appearsthat
a pixel bleedsonly as a result of the light falling onto it, and not asthe sum of the value of
the pixel plus the bleeding from previous pixels. Sincewe know the readout order of the pixels,
we can start by correcting all pixels downstream from the rst pixel, and then move on to the
next pixel. The generalizedsolution is to correct this e®ectby a lookup table. The exact shape
of the curve and the characteristic decay time vary as a function of incident intensity, so the
correction is scaledby the intensity of the bleeding pixel accordingto

0o _ . LUT(i)
DNptai = DNn+si i m (2.9)
where
()= ACC)+B(L)+ C+D(L)? (2.10)

and LUT is an entry in a lookup table for position n, and A, B, C, D, and E are scalefactors.
Both the scalefactors and the LUT are xed for all pixels in a given array. Pixels with values
belov 5000DN are not corrected, becausethe valuesin these caseswill be just a few times the
read noise. The muxbleed is not correctedin the subarray obsenations.

Obseners should note that calibration darks are not muxbleed corrected. Muxbleed occurs
in theseimagesdue to the presenceof hot pixels. However, this occurs equally both in the darks
and in the scienceframes and has been found to subtract noiselesslyfrom the sciencedata.
Thus, any dark frame muxbleed is simply considereda feature of the darks.

12



2.12 DARKDRIFT (bias o®set correction)

Each IRAC array is read out through four separate channels. The pixels read out by these
channelsare arrangedvertically, and repeat every four columns. Small drifts in the bias levels of
thesereadouts, particularly relative to the calibration dark data, can produce a vertical striping
called the \jailbar* e®ect. This is mostly noticeablein very low background conditions.

This is corrected by adding to the individual readout channelsa common mean o®set. For
any image, the °ux in a pixel is assumedto be

AI,] = Sl,j + B+ DCi;j + Doi (211)

where A is the detected intensity in DN, S is the incident \science °ux" (celestial badkground
+ objects), B is a constart o®setin the frame, D¢ is the standard calibration dark, and Do is
the dark o®set. The rst dark varies on a pixel by pixel basis, whereasthe o®setsare assumed
to vary on a readout channel basis. It can be assumedthat the mean S;; is the samefor all
readout channelsi, and therefore there is a mean estimator function M for ead readout channel

M; = M eanEstimator (Si.0:::Sin) (2.12)

The corrected image (post dark-subtraction) is then

1 X
= Aij i (Mij 2 M) (2.13)
i=1

0
Ai;j

2.13 FOWLINEARIZE (detector linearization)

Like most detectors, the IRAC arrays are non-linear near full-well capacity. The number of
read-out DN is not proportional to the total number of incident photons, rather it becomes
increasingly small asthe number of photons increases.In IRAC, if °uxes are at levels above half
full-well (typically 20-30,000DN in the raw data), they can be non-linear by seweral percert.
During processingthe raw data is linearized on a pixel-by-pixel basisusing a model derived from
ground-basedtest data and re-veri ed in °ight. The software module that does this is called
FOWLINEARIZE.

FOWLINEARIZE works by applying a correction to ead pixel basedon the number of DN,
the frame time, and the linearity solution. For the channelsl, 2 & 4, we usea quadratic solution,
i.e., we model the detector responseas a

DNops = kmt j Ak?t? (2.14)

The linearization solution to the above quadratic model is:

i 1+ P 1] AL@DNge

DN = 2L®

(2.15)

where

L= L[( X i2 x i?)i 2(1; t—d)n(n+ w)]; (2.16)
= n(W+ n)2 el | . | | tc ) .
and ® = FAZ, n is the Fowler number, and w is the wait period. The above expressionfor L
is the correction required to accourt for the multi-sampling. This required becausethe multi-

sampling result in the aparrent time spent integrating not actually being equalto the real time
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spert collecting photons (seethe description of EXPTIME vs. FRAMETIME in section 3.4).
Note that tq is the time betweenthe resetand the 1st readout of the pixel.
For channel 3, we usea cubic linearization model:

DNgps = Ckt3 + Akt? + kmt (2.17)

For the cubic model, the solution is derived via a numerical inversion.

2.14 BGMODEL (zodiacial background estimation)

For this module, a spacecraft-cetric model of the celestial badkground was dewveloped. For
ead image, the zodiacal badkground will be estimated (a constart for the ertire frame) based
on the pointing and time that the data is taken. This value is written to the headerkeyword
ZODY _EST in units of MJy/sr. The zodiacal badkground is also estimated for the subtracted
skydark (seenext module) and placedin the headerkeyword SKYDRKZB.

2.15 Dark Subtraction II: SKYD ARKSUB (sky 'delta-dark’ sub-
traction)

This module, the secondpart of dark subtraction, strongly resenbles traditional ground-based
data reduction techniquesfor infrared data. SincelRAC no longer usesthe photon-shutter for
it's dark measuremel, a pre-selectedregion of low zodiacal badkground in the north ecliptic
capis obsened in order to create a \skydark". At leasttwice during ead campaigna library of
skydarks of all Fowler numbers and frame times are obsened, reduced, and created by the cali-
bration pipeline. The skydarks have had the appropriate labdark subtracted in their DARK CAL
pipeline and are therefore a 'delta-dark’. These skydarks are then subtracted from the data in
the pipeline within this module.

2.16 FLA TAP (°at- elding)

Like all imaging detectors, ead of the IRAC pixels has an individual response function (i.e.
DN/incident photon conversion). To accourt for this pixel-to-pixel responsivity variation, eadh
IRAC imageis divided by a map of thesevariations, called a "°at- eld'.

Obsenations are taken of pre-selectedregions of high-zodiacal badkground with relatively
low stellar content located in the ecliptic plane. They are dithered framesof 100secondsn ead
channel. Theseobsenations are processedn the samemanner assciencedata and then averaged
with outlier rejection. This outlier rejection includes a sophisticated spatial Ttering stageto
reject the ever-present stars and galaxiesthat 1l all IRAC frames of this depth. The result is
a smoothed image of the already very uniform zodiacal background. This \sky°at" is similar to
°at- elds taken during ground-basedobsenations. The °at elds are then normalized to one.
The °at- eld calibration pipeline producesa library of the °at “elds throughout each campaign
sincea °at- eld is taken at the beginning and end of an observing campaign. The IRAC IST
has found that there is no di®erencein °at elds from campaign to campaign, so a 'super-
sky°at', composedof one full year's worth of data and therefore of very high S/N, is currently
used for processingsciencedata in the BCD pipeline. It should be noted that this °ateld is
generatedfrom a very red target, i.e. the zodiacal badkground. There is considerableevidence
for a spatially-dependert color term in the IRAC calibration (which is roughly a quadratic
polynomial function acrossthe array). Objects that have color temperatures radically di®eren
from the zodiacal background require an additional multiplicativ e correction of order 5-10%.
This is not treated by the °at- elding stage.
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Figure 2.9: Transpositon of an IRAC channel 1 dark image by the IMFLIPR OT module.

Software module FLATAP appliesthe °ats generatedby the calibration sener. This opera-
tion is equivalent to division by the °at.

2.17 IMFLIPR OT (image reorien tation)

IRAC utilizes beamsplitters to redirect the incoming light for a given FOV through ead of the
two Tters. As a result, although for a given FOV two Tters sud as for channel 1 and 3 view
the samepiece of sky, the detectors see(and henceread out) mirror imagesof ead other. An
imagetransposition is applied to ensurethat two Tters for eadh FOV arein the sameorientation
(Figure 2.9). Note that the imagesare not de-rotated, that is, ead is now correct relative to the
other Tter for a given FOV, but all of the imagesstill have the e®ectsof spacecraftrotation.

Al = AT (2.18)
Currently, channels1 & 2 are °ipp ed about their vertical axis, which is illustrated by the
equation above. The image °ip of these two channels provides an array orientation with the

E axis located to the left of N for all channels. Sincethis image transposition is applied after
skydark subtraction and °at elding, those calibration Tes do not have such an orientation.

2.18 DETECT-RADHIT (cosmic ray detection)

Within this module, individual frames are analyzed for probable radiation hits (cosmic rays),
and the results appear as a °ag in the dmask Te. This is computed by a median Tltering

technique. Input imagesare read in, and a median Tter is applied. The di®erencebetweenthe
input image and the median- Ttered imageis then computed. Pixels above a speci ed threshold
(i.e., are \p ointier" than is possiblefor a true point source) are then °agged in a mask image
(Bit 9 of dmask is set when a pixel is suspectedto be hit by a cosmicray).
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2.19 DNTOFLUX (°ux calibration)

IRAC °ux calibration is tied to a system of celestial standards measuredat regular intervals
during ead campaign. The IRAC IST provides the calibration sener with calibration Tes
basedupon these measuremers. Becausethe °ux calibration is determined from stellar point-
sourcesithe calibration for extendedsourcess somewhatdi®eren. For details of the photometric
calibration and correction factors, seethe IRA C Data Handbook.

The IRAC data are calibrated in units of MJy/sr in this module. This is accomplished
by multiplying the data image by a corversion factor provided by the calibration serwer. This
conversion factor is written to the data headeras:

/| PHOTOMETRY
COMMENT1 blank line

BUNIT = 'MJy/sr ' / Units of image data
FLUXCONV= 0.2008 / Flux Conv. factor (MJy/sr per DN/sec)
GAIN = 3.8 / e/DN conversion

BUNIT is the standard keyword for specify the image-data units, and will be MJy/sr.

2.20 Pointing Transfer (calculation of pointing information)

The Pointing Transfer pipeline is a separate script from the actual data reduction pipeline
script, designedto insert raw-pointing and distortion information into the FITS headers of
BCDs. Like the reduction pipeline, it executeson a per-BCD basis. Pointing data is acquired
by the spacecraftstar-tracker at a rate of 2Hz, transfered to the boresight onboard, and down-
linked every 12 hours as a Boresight Pointing History File (BPHF). The BPHF is receivedvia a
separatetelemetry stream from the sciencedata. The rst stepin pointing transfer is to aquire
the portion of the BPHF which spansthe integration time of the BCD (getPH module). The
2Hz sampled data is then transferred to the speci ¢ channel-dependent scienceFOV using a
set of Euler transformations handled by the "BORESIGHTTRAN module". The Euler angles
relating the boresigh and FOV positions have been determined in-°ight and are stored in a
con guration Te.

The pointing samplesare then averagedand combined by the "ANGLEA VG" module to
compute the raw-pointing for the BCD: CRVAL1 (RA), CRVAL2 (Dec) and PA (position angle).
These,alongwith uncertainties and referencepixel coordinates (CRPIX1, CRPIX2), areinserted
as keywords into the FITS header of the BCD. The module also computesa CD matrix and
transfers distortion coezcients (represeried in the pixel coordinate frame) from a calibration
‘Te to the FITS header. The default projection type for the celestial referencesystem (CTYPE
keyword) is "T AN-SIP". This is atangent (TAN) projection modi ed to make useof the Spitzer
Imaging (distortion) Polynomials (SIP) in coordinate mappings.

The Final Product Generator (FPG) is executedat the end. This reformats the FITS header
and adds additional keywords from the databasewhich are most usefulto the user. An example
of a BCD headercortaining pointing and distortion information is given below.

SIMPLE = T

BITPIX = -32 /| FOUR-BYTEINGLEPRECISIONFLOATINGPOINT
NAXIS = 2 | STANDARBITS FORMAT

NAXIS1 = 256 / STANDARBITS FORMAT

NAXIS2 = 256 / STANDARBITS FORMAT

EXTEND = T / TAPEMAYHAVESTANDARBITS EXTENSIONS
ORIGIN = 'Spitzer Science Center' / Organization generating this FITS file
CREATOR 'S11.0 ' / SWhversion used to create this FITS file
TELESCOP'Spitzer ' | SPITZERSpace Telescope

INSTRUME4RAC ' | SPITZERSpace Telescope instrument D

COMMENT1 blank line
/ TARGETRNDPOINTINGINFORMATION
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COMMENT1 blank line

OBJECT = 'Best NEP_c15' | Target Name
OBJTYPE= 'TargetFixedSingle' | Object Type
CRVAL1 = 264.882402857137 / [deg] RAat CRPIX1,CRPIX2
CRVAL2 = 68.9342666666731 / [deg] DECat CRPIX1,CRPIX2
RA_HMS= '17h39m31.8s’ / [hh:mm:ss.s] CRVALlas sexagesimal
DEC_DMS '+68d56m03s' / [dd:mm:ss] CRVAL2as sexagesimal
RADESYS 'ICRS ' [ International Celestial Reference System
EQUINOX 2000.00 / Equinox for ICRS celestial coord. system
CD1_1 = -0.000183227974418777
CD1_2 = 0.000283780665106411
CD2_1 = 0.000285927287294262
CD2_2 = 0.000183561854845907
CTYPE1 = 'RA---TAN-SIP' /' RA---TAN with distortion in pixel space
CTYPE2 = 'DEC--TAN-SIP’ / DEC--TANwith distortion in pixel space
CRPIX1 = 128. / Reference pixel along axis 1
CRPIX2 = 128. / Reference pixel along axis 2
CRDER1= 0.000302671744940266 / [deg] Uncertainty in CRVAL1
CRDER2= 0.000302909976317543 / [deg] Uncertainty in CRVAL2
UNCRTPA 0.00174399111678704 / [deg] Uncertainty in position angle
CSDRADEQE53841640299697E-06 / [deg] Costandard deviation in RAand Dec
SIGRA = 0.0605074445317961 / [arcsec] RMSdispersion of RAover DCE
SIGDEC = 0.033483471401579 / [arcsec] RMsSdispersion of DECover DCE
SIGPA = 1.68857521294991 / [arcsec] RMSdispersion of PAover DCE
PA = 57.1034290223581 / [deg] Position angle of axis 2 (E of N) (was OR
RA_RQS¥E 264.881718668667 / [deg] Requested RAat CRPIX1, CRPIX2
DEC_RQST= 68.9340997114414 / [deg] Requested Dec at CRPIX1, CRPIX2
PM_RA = 0. / [arcseclyr] Proper Motion in RA (J2000)
PM_DEC= 0. / [arcseclyr] Proper Motion in Dec (J2000)
RMS_JIT= 0.0228885594942452 / [arcsec] RMSjitter  during DCE
RMS_JITY= 0.0081945434194511 / [arcsec] RMSjitter  during DCEalong Y
RMS_JITZ= 0.0213713737010126 / [arcsec] RMSjitter  during DCEalong Z
SIG_JTYZ= 0.0106020374525714 | [arcsec] Costandard deviation of jitter in YZ
PTGDIFF= 1.07007562512142 | [arcsec] Offset btwn actual and rgsted pntng
RA_REF = 265.049295277778 /| [deg] CommandedRA (J2000) of ref. position
DEC_REE 68.9292866666667 / [deg] Commandedec (J2000) of ref. position
USEDBPHF= T/ Tif Boresight Pointing History File was used
COMMENT1 blank line

/ DISTORTIONKEYWORDS
COMMENT1 blank line
A_ORDER 2 | polynomial order, axis 1, detector to sky
A02 = 1.569E-05 / distortion coefficient
Al11 = 5.232E-05 / distortion coefficient
A20 = 3.31E-05 / distortion  coefficient
A_DMAX= 1.682 / [pixel] maximumcorrection
B_ORDER 2 / polynomial order, axis 2, detector to sky
B 02 = 4.172E-05 / distortion coefficient
B11 = 2.213E-05 / distortion coefficient
B20 = -9.819E-07 / distortion coefficient
B_DMAX= 1.046 / [pixel] maximumcorrection
AP_ORDER= 2 | polynomial order, axis 1, sky to detector
AP_0_ 1 = 5.677E-05 / distortion coefficient
AP_0 2 = -1.569E-05 / distortion  coefficient
AP_1 0 = 5.871E-05 / distortion coefficient
AP_1 1 = -5.231E-05 / distortion  coefficient
AP_2 0 = -3.309E-05 / distortion coefficient
BP_ORDER= 2 | polynomial order, axis 2, sky to detector
BP_ 0 1 = 4.432E-05 / distortion coefficient
BP_0 2 = -4.172E-05 / distortion coefficient
BP_1 0 = 2.091E-05 / distortion  coefficient
BP_11 = -2.213E-05 / distortion coefficient
BP_2 0 = 9.814E-07 / distortion  coefficient

2.21 PREDICTSA T (HDR Saturation Pro cessing)

PREDICTSAT is usedto processdata taken in the High Dynamic Range(HDR) mode by iden-
tifying saturated pixels using the information obtained from the shorter exposuretime frames.
Speci cally, if the shorter frame is frame 1 and the longer frame is frame 2, and they have Fowler
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numbers F, wait periods W, pixel valuesDN, and saturation valuesof DNgy then if

D N1(2F2 + Wz)
Fi1+ W;
for any pixel, then that pixel is masked as saturated in the longer frame 2. Optionally, sur-
rounding pixels may also be masked. This information is usedin the post-BCD pipeline by the
mosaicerwhen coaddingframesto a priori reject saturated pixels beforeapplying any other out-
lier rejection. High dynamic range data is received as separate DCEs by IRAC. No coaddition
is done of theseframes at the BCD level, they are received by the user as separateBCDs.

2.22 LATIMFLA G (residual image °agging)

The IRAC pipeline detects and °ags residual imagesleft from imaging bright objects. A model
of the charge decay is usedto build atime history of the DCEs and setsa mask bit to indicate
that a given pixel in the DCE is contaminated by a residual. Currently, the algorithm works the
following way: Starting with the rst imagein eac AOR, LATIMFLA G computeswhat's called
a \latent-trap" image at the end of its exposure. This speci es the amount of trapped charge
in every pixel. The charge-trap deca/s and appears as a residual in subsequeh images. The
latent-trap imageis e®ectively an imageof the number of Tled traps, which welabel N (t);. The
subscript i referesto the \trap-sp ecies" or type of latent trap distinguished by a characteristic
deca/-time and trap lling exciency. The latent-trap imageis propagated forward in time, and
updated with ead consecutive image in the sequence.The imageswith pixels sustaining and
exceedinga threshold above the badkground noise from image to image within the decay time
are °agged in the dmask.

2.23 Calibration
2.23.1 Calibration Pip elines

Calibration data are processedby the IRAC pipeline in a manner very similar to that of the
sciencedata through a dedicated calibration pipeline. When the calibration data is received, it
is processedvia this calibration pipeline that is similar in steps, but separatefrom the science
pipeline. Much like the scienceone discussedearlier, this pipeline carries out di®eren steps
to reducethe data within di®erert modules terminating in a nal few les. For example, the
calibration sequencéeginsby taking many 12-secondbsenations of a 'dark’ location in the sky.
Theseimagesare then processedy the DARK CAL thread to producea single 12-secondskydark
which is then archived into a library of skydarks (Figure 2.10). When the BCD sciencepipeline
executes,a call to the calibration sener retrievesthe \b est-possible, nearest-in-time" dark for
the DCE currently being processed.This is derived from the obsenation time, Fowler number,
wait period, and found amongthe library darks. This architecture ensureshigh throughput by
not requiring re-reduction of all the calibration data ead time a BCD is processed. This is
warranted becausethe calibration is highly unlikely to changeat a signi cant level during the
roughly 10 minutes required to execute a calibration sequence. The samekind of call to the
calibration sener is made for a sky°at.

The calibration pipelinesfor the darks and °ats are roughly the samefor the sciencepipeline
with a couple of exceptions. DARK CAL calls the samemodules up to the FOWLINEARIZE
module. Then an ensenble module is called creating a median image of all the DCEs within
that AOR using outlier rejection including a sophisticated spatial Ttering stageto reject stars
and galaxies. The nal dark is then °at elded and placedin the archive. The software module
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Figure 2.10: IRAC instrument dark current images. These measuremets were made during a
normal campaign producing a skydark withan exposuretime of 100 seconds.
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Figure 2.11: IRAC instrument °at- eld responseas measuredon board over the rst year in
°ight for channels1|4 (as labelled).

SKYDARKSUB will subtract the appropriate skydark, by Fowler number and wait period, from
the data in the sciencepipeline as discussedin Section 3.16.

FLATCAL calls the same modules as the sciencepipeline up to SKYDARKSUB module.
Then these obsenations in the AOR are averaged with the same outlier rejection as in the
DARK CAL pipeline. The result is a smoothed image of the already very uniform zodiacal
badckground. This \sky°at" is similar to °at- elds takenduring ground-basedobsenations. The
'sky°at’ is then normalized to one and placedin the archive. Software module FLATAP applies
the sky°at within the sciencepipeline in way equivalent to division by the °at as discussedin
section 3.17.

Sincethe IRAC IST has found that there is little di®erencein °at elds from campaign to
campaign, a °at- eld composedof onefull year'sworth of data, and therefore of very high S/N,
is currently used for processingsciencedata in the BCD pipeline (Figure 2.11). It should be
noted that this °at eld is generatedfrom a very red target, i.e. the zodiacal badkground. There
is considerableevidencefor a spatially-dependert color term in the IRAC calibration (which is
roughly a quadratic polynomial function acrossthe array). Objectsthat have color temperatures
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radically di®eren from the zodiacal badkground require an additional multiplicativ e correction
of order 5-10%. This is not treated by the FLATAP module.

2.23.2 Observers Own Calibration Data

Obsenershave no ability to manipulate IRA C beyond the capabilities of the AOT. This includes
the internal shutter on board IRA C and hencethey cannot take di®erent dark current or °at eld
measuremers. Howewer, asdetailed above theseobsenations are made part of aregular periodic
calibration sequenceand obseners can retreive calibration data from these obsenations from
the data archive. In addition, obseners could proposetheir own calibration measuremets (of
standard stars, for example)within their program. Sud unique calibration measuremets would
be strictly for the obsener's own bene t and would require separatereduction and use| their
results cannot be fed directly into the reprocessingpipeline.
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App endix A

App endix

A.1 Electronic Bandwidth Coezxcien ts

The bandwidth correction coezcients are in the processof beingre ned via in-°igh t calibrations,
but changesare not expectedto be statistically large. The coetcients, which were measuredby
looking at single-pixel cosmicray events during ground testing, were:

Channel 1

Readout 1 2 3 4

: 1.58e-3 2.17e-3 2.33e-3 1.64e-3
-(end of row) 1.2e-5 2.1le-5 24e-5 1.3e-5

Channel 2

Readout 1 2 3 4

: 1.71e-3 3.63e-3 1.06e-3 1.11le-3
-(end of row) 1.4e-5 5.2e-5 6.0e-6 6.6e-6

Channel 3

Readout 1 2 3 4

: 3.19e-3 1.04e-2 3.3e-3 2.09e-3
-(end of row) 4.2e-5 3.3e-4 4.4e-5 2.0e-5

Channel 4

Readout 1 2 3 4

- 3.74e-3 3.74e-3 3.74e-3 3.74e-3
-(end of row) 5.5e-5 5.5e-5 b5.5e-5 5.5e5
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A.2 Muxbleed Coezcien ts

The muxbleed coe+cients were re ned from in°ight measuremets, but the look-up tables are
basedon ground test data using a GSE point source:

Channel 1:
317.900000,92.700000,30.670000,25.670000,27.710000,27.510000,27.630000,25.340000,22.920000,20.850000,
20.420000,20.000000,19.580000,19.180000, 18.780000, 18.390000, 18.010000, 17.640000, 17.270000, 16.910000,
16.560000,16.220000, 15.880000, 15.550000, 15.230000,14.910000, 14.610000, 14.300000, 14.010000, 13.720000,
13.430000,13.150000,12.880000, 12.610000, 12.350000, 12.100000, 11.840000, 11.600000, 11.360000, 11.120000,
10.890000,10.670000,10.450000,10.230000,10.020000,9.809000,9.606000,9.407000,9.212000,9.021000,8.834000,
8.651000, 8.471000, 8.296000, 8.124000, 7.955000, 7.790000, 7.629000, 7.471000, 7.316000, 7.164000, 7.016000,
6.870000, 6.728000, 6.588000, 6.452000, 6.318000, 6.187000, 6.059000, 5.933000, 5.810000, 5.689000, 5.572000,
5.456000, 5.343000, 5.232000, 5.124000, 5.017000, 4.913000, 4.812000, 4.712000, 4.614000, 4.518000, 4.425000,
4.333000, 4.243000, 4.155000, 4.069000, 3.985000, 3.902000, 3.821000, 3.742000, 3.664000, 3.588000, 3.514000,
3.441000, 3.370000, 3.300000, 3.232000, 3.165000, 3.099000, 3.035000, 2.972000, 2.910000, 2.850000, 2.791000,
2.733000, 2.676000, 2.621000, 2.566000, 2.513000, 2.461000, 2.410000, 2.360000, 2.311000, 2.263000, 2.216000,
2.170000,2.125000,2.081000

Channel 2:
144.800000,29.770000,13.960000,9.455000,5.530000,5.400000,4.592000,4.231000,3.685000,4.093000,3.692000,
3.330000, 3.004000, 2.709000, 2.443000, 2.204000, 1.988000, 1.793000, 1.617000, 1.458000, 1.315000, 1.186000,
1.070000, 0.965100, 0.870500, 0.785100, 0.708100, 0.638700, 0.576100, 0.519600, 0.468600, 0.422700, 0.381200,
0.343900, 0.310100, 0.279700, 0.252300, 0.227600, 0.205200, 0.185100, 0.167000, 0.150600, 0.135800, 0.122500,
0.110500, 0.099660, 0.089890, 0.081070, 0.073120, 0.065950, 0.059480, 0.053650, 0.048390, 0.043650, 0.039370,
0.035510, 0.032020, 0.028880, 0.026050, 0.023500, 0.021190, 0.019110, 0.017240, 0.015550, 0.014020, 0.012650,
0.011410, 0.010290, 0.009281, 0.008371, 0.007550, 0.006810, 0.006142, 0.005540, 0.004997, 0.004507, 0.004065,
0.003666, 0.003307, 0.002982, 0.002690, 0.002426, 0.002188, 0.001974, 0.001780, 0.001606, 0.001448, 0.001306,
0.001178,0.001063, 0.000958, 0.000864, 0.000780, 0.000703, 0.000634, 0.000572, 0.000516, 0.000465, 0.000420,
0.000379, 0.000341, 0.000308, 0.000278, 0.000250, 0.000226, 0.000204, 0.000184, 0.000166, 0.000150, 0.000135,
0.000122,0.000110,0.000099,0.000089,0.000080,0.000073,0.000065,0.000059,0.000053,0.000048

The scaling coezcients for channel 1 modi ed from obsenations in November 20, 2003 are:

Ch.1 i<5 i>5

7.785 7.785
-3.472 -3.472
-3.733 -3.733

0.5240 0.5240
36071 36071
The scaling coexcients from pre-launch obsenations in October 1, 2002 are:

moOw®@>

h.2 i<5 i>5
25.72 42.33
-28.56 -47.29
-7.027 -12.16
10.42 17.70
26092 26092

moOm@>»O0
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A.3 Ancillary Keyw ords

The following are the telemetry channels assaiated with IRAC called ancillary data. The
ancillary data are a subsetof the roughly 1000telemetry points gatheredby IRA C se\eral times
a minute. This telemetry represetts the current state of IRA C when an obsenation is taken. In

generalobsenerswill not have any real needto consult thesedata, sincethey consist primarily

of voltages, temperatures, etc. which have little bearing on the reduction of the data. These
can be found as keywords in the raw data header.
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A.4  Glossary and Acron yms

2

2

AOR - Astronomical Obsenation Request- a basic set of obsenations

AOT - Astronomical Obsenation Template, primarily a template form usedto create an
AOR

Campaign - for Spitzer a single, unbroken time period when only one instrument is in
use. Instrument campaignsare necessitatedfor exciency reasonsdue to the long times re-
quired to reach thermal equilibrium after switching betweeninstruments. Most instrument
campaignsare expectedto be on the order of one weekin length.

CTA - Cryo-Telesco Assenbly, the instruments, their dewar, and the telescope

DCE - Data Collection Evert, for IRAC this refersto a single 256 256 pixel image from
a single detector.

FOS - Flight Operations System,a group located at JPL which handlesreceipt of telemetry
and repadaging into a form digestable by the SSC.

IER - Instrument Engineering Request, a special set of commandscreated by the science
certer and usedprincipally to carry out calibrations and other special tasks not available
to the userin the AOT.

InSb - Indium Antimonide, the detector material usedin the short wavelength channels of
IRAC

PAO - Period of Autonomous Operation, a basic time-unit usedto organize Spitzer ob-
serving. It is roughly twelve hours long, and corresponds to the time between downlinks
during which data is sert bad to Earth

SAO - Smithsonian Astrophysical Obsenatory, Cambridge, MA
SSC- Spitzer ScienceCernter, Caltech, Pasadena,CA

Si:As - Arsenic-doped Silicon, not Silicon Arsenide - the detector material in the IRAC
long-wavelength channels

WEA - Warm Electronics Assenbly, the part of IRAC which sits outside the dewar and
cortains the electronics.
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