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Abstract

This document presents a user’s guide to reducing data freNOAO Extremely Wide-Field
InfraRed Mosaic (NEWFIRM) camera within the IRAF data presiag environment. The IRAF
nf ext er n package provides a set of tasks specially tailored for thipgse. This guide follows
step-by-step examples of NEWFIRM data reduction usihgxt er n and other IRAF tasks.

Keywords: IRAF, NEWFIRM, infrared, calibration, data processing
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1 Introduction

1.1 NEWFIRM and data processing

The NOAO Extremely Wide-Field InfraRed Mosaic (NEWFIRM; #y et al., 2003; Probst et
al., 2004, 2008) is a near-infrared imaging camera thataipsrat the Cassegrain focus of the
NOAO 4m telescopes. It is currently at Kitt Peak, and theeepdans to move it to Cerro Tololo
in the future. The NEWFIRM focal plane consists af & 2 mosaic 0f2048 x 2048 Orion InSb
array detectors, each of which is read out through 64 amglifi€he detector scale at the 4mis
approximately 0.4 arcsec per pixel, and the gaps betweateteetors are approximately 35 arcsec
across. The net field of view covers nea@B/ x 28’. The camera has two filter wheels which can
stock a variety of standard and user-provided filters, ihiclg the regular/, H and K, bands and
various narrow band filters.

With its large focal plane arrays, and the fast observingenad used for infrared broad band
observing, NEWFIRM typically produces a large volume in ghti Additionally, infrared data
reduction often requires many processing steps, sometimelying multiple passes through the
data in order to remove instrumental signatures to the viglylbvel of accuracy required to detect
faint sources against the bright sky background.

NOAO has developed automated pipelines for processingalta with NEWFIRM (Swaters
et al., 2009). The Quick-Reduce Pipeline (QRP) operatebeatdlescope, and is designed to
carry out basic reductions of data soon after they are takeorder to provide useful feedback
to observers during the course of the night. The QRP takesraleshortcuts when processing
the data, and is not designed to produce final, sciencetguidia products. The NEWFIRM
Science Pipeline (NSP) operates in Tucson, and procestseafti the end of each observing run.
The NSP carries out more elaborate and computationallypsite processing, and produces data
products intended to have scientific and archival value.

Although the NEWFIRM pipeline should provide data produbtst are suitable for many ob-
servers’ needs, there will still be occasions when astrarsmay wish to reduce NEWFIRM data
“by hand.” The pipelines operate automatically, normallthaut human intervention or decision-
making. They should work well for data taken in standard obsg modes, but may not always
perform ideally for unusual observations that require stamdard processing. For example, the
control of the pipeline is governed largely by the pre-defiobserving sequences that are exe-
cuted by the NEWFIRM Observing Control System (NOCS; (Ddlgle 2008)). Observations of
crowded fields or large targets that fill much of the NEWFIRMdief view may require expo-
sures of “blank” sky in offset fields, and the pipeline depead observers using the correct NOCS
sequences which in turn provide the pipeline with headeadst that indicate which frames in-
clude the target and which are to be used as “sky”. Howevaresabservers might take additional,
separate offset sky sequences, and the pipeline has no vkaypwowhen and how to use these.
As another example, the NEWFIRM pipeline is not currentheftaned for observations taken

1At the time of this writing (May 2009), the NEWFIRM SciencepBline is undergoing science verification testing.
Products are being delivered to observers on a trial basisaie not yet being archived. Regular operations, inctudin
archive storage, should begin later in 2009.
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through very narrow band filters, which pose special chghsrthat may require custom process-
ing methods. Even for broad band data, an astronomer maytwiskperiment with different
sky subtraction strategies, or use different flat fields deotalibration data. If sky conditions
were unstable during the course of an observation, one msly wwimake decisions about which
data to exclude and retain for the final combined images, experiment with various weighting
schemes, or with different methods rejecting artifacts. An astrorsmmight also want to mo-
saic images differently, perhaps sampling them to a diffeseale, adopting a different tangent
point for re-projection, combining multiple observing segces into a single image, or combining
different pointings into wider-field mosaics.

Thenf ext er n IRAF package provides a set of software tools designed taditithte “man-
ual” reduction of infrared imaging data, and in particulae\NFIRM data via thenewf i r m
sub-package. Thef ext er n package has been developed along side the NEWFIRM Science
Pipeline, by the same team of people. The tasks frorméw# i r mpackage do not always iden-
tically replicate the functions in the Pipeline, but theyldar the same general approach. This
package also shares a lot of philosophical ground with attieared data reduction packages that
came before it, such as DIMSURA.

Many of thenf ext er n tasks are specialized versions of more general, underliRA§ tools
for infrared data reduction and mosaic imager reductiongnegal. Future IRAF releases will
include these more general packages and tasks, which majaipéed for use with other instru-
ments. However, at present, we limit the scope of this dociiteethenf ext er n andnewf i rm
packages.

The present document is a user-oriented guide to NEWFIRM @atuction witnf ext ern
procedures, rather than formal documentation. It illusgdhe use of the tasks for specific data
reduction problems, but does not provide exhaustive dasanis of every task parameter. You
should consult the help pages for each task to see a detakatdiption of its parameters and
procedures.

This “cookbook” is a work-in-progress, and the current i@rof thenf ext er n package is
a beta-release. This first edition of tbata Reduction Guide covers procedures suitable for a
limited range of types of NEWFIRM observations. Others Wil added in the future, ideally
based on feedback from astronomers who usathext er n tools to reduce their own data. Our
knowledge of NEWFIRM and how to reduce its data continuesvtive, and correspondingly
so do the tasks in thef ext er n package. At present, the ext er n tasks have only received
limited testing by a few individuals on actual NEWFIRM datg,no means spanning the full range
of observations that real users have made. You can help mdong feedback, ranging from bug
reports to detailed descriptions of how you have used thes tamsreduce your data. Please send
your feedback by e-mail to:

°The NEWFIRM science pipeline weights images based on sksenphotometric transparency and seeing before
combining images into a stack, and may exclude data whosegdality parameters fall below certain thresholds, but
these decisions are automated and may not be suitable forrglbses.

SDIMSUM is an IRAF contributed package originally written bp. Eisenhardt, M. Dickinson, S.
A. Stanford, and J. Ward, with contributions from many othetlong the way. It is available from
http://iraf.noao. edu/contrib. htnl.
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vohel p@oao. edu

1.2 Useful resources concerning NEWFIRM and IRAF

The NEWFIRM User Information Page should be your first stag#sic information about NEW-
FIRM and related systems. You can find this at:

http://ww. noao. edu/ et s/ newfirm

In particular, you can find information about the NEWFIRMtisnent there, as well as the NEW-
FIRM Observing Control System (NOCS), which is used to catstand execute sequences of
observations at the telescope. Information about the NERNVFPipelines can also be found by
following links from the User Information site.

The NOAO Data Handbook (Shaw, ed., 2009) is another valuable resource. It incladdspter
about NEWFIRM which gives basic information about the instrument, ilatgs many of the
characteristics of NEWFIRM data, and discusses the raw gmlipe-processed data products,
including file formats, header keywords, etc. The handboaly be found at:

http://ww. ar chi ve. noao. edu/ hel p. shtm

This guide assumes some basic familiarity with IRAF. A basimduction to IRAF isA Begin-
ner’s Guide to Using IRAF (Barnes, 1993). This guide does not describe scriptingabwything
described here as typed from the command language (cl) carcloeled in scripts either as ex-
plicit commands (no variables or special language consywe in a programming context with
variables, loops, etcAn Introductory User’s Guide to IRAF Scripts (Anderson & Seaman, 1989)
provides a good starting point for learning IRAF scriptidEWFIRM and its data reduction soft-
ware make extensive use of Multi-extension format (MEF)$-files (se€2.1 below). Useful
information about working with MEF files in IRAF can be fourrdthelRAF FITSKernel User’s
Guide (Zarate, 1997).

2 NEWFIRM data and file formats

NEWFIRM is a “mosaic camera”, in the sense that it has sevecall plane array detectors that
are physically and electronically disjoint, and which ireagparate (but nearby) fields of view on
the sky. Here we provide some useful information about theMRERM data files and their format.

4At this time (May 2009), the NEWFIRM chapter of ttNOAO Data Handbook is being completed, and will be
be released soon.
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2.1 Multi-Extension Format (MEF) FITS files

One NEWFIRM exposure produces four images, one per deteghich are then packaged to-
gether into a single multi-extension FITS file that is delagto the observer and to the NOAO
Science Archive. The four extensions in NEWFIRM MEF files designated by extension names
(header keywordEXTNANVE) [i mi], [i nR], [i nB], and[i m4] .> There are four separate
extension headers, as well as a master header for the wholeiii&age, accessed in IRAF by
reference to extensidm] .

On occasion, it may be necessary to use IRAF tasks which ames@gned to work automati-
cally with MEF files. There are several ways to do this. Tiset ool s package §3.2) includes
the tasksrscspl i t andnscj oi n which can be used for this purpose:

nmsct ool s> mecsplit a.fits verbose+
fits[0] -> a0

gits[im] -> a1

fits[inmk] -> a 2

fits[imB] -> a_3

its[imd] -> a_4

Q

QoY

nmsct ool s> mscj oi n a out put=b verbose+
a_0[0] ->bD

al->b[inml, 1, append,inherit]

a 2 -> b[inR, 2, append,inherit]

a_3 -> b[inB, 3, append,inherit]

a_4 -> b[ind, 4, append,inherit]

In general, theappend syntax may be used (but is not always required) to add a nesngixin
onto an existing MEF image:

newfirm i mhead x?.fits

x1.fits[2046, 2046][real ]:
x2.fits[2046, 2046][real ]:
x3. fits[2046, 2046][real ]:
x4.fits[2046, 2046][real ]:

ecl > incopy x1.fits y.fits[iml, append]
x1.fits ->vy. fits[iml]
ecl > incopy x2.fits y.fits[inR, append]
x2. fits ->y.fits[ing]
ecl > incopy x3.fits y.fits[inB, append]
x3.fits -> y.fits[inB]
ecl > incopy x4.fits y.fits[im, append]
x4.fits ->vy. fits[im]

Sltis often possible to refer to these simply by the extensiombers, i.e., als1] ,[ 2] ,[ 3] , and[ 4] . However,
strictly speaking, the extensions need not be stored irravidkin the MEF file, and it is better in general to refer to
them by theext name rather than by extension number.
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2.2 Maskimages

One relatively new IRAF feature employed in sonfeext er n tasks is the use of FITS to encap-
sulate compressed “pixel list” masks. IRAF has long usedhibegixel-list (or pl) data format to
store integer-value images. This is quite useful for maskges with relatively few data values
and a lack of complex pixel-to-pixel structure, such as hadlpnasks. However, the pl format is
not a FITS file and as such is not as transportable as otheatsymany other non-IRAF software
tasks cannot make use of it. Moreover, the pl format cannat haultiple extensions. IRAF now
supports FITS encapsulation of pl format mask images. Téasuferequires that the mask be
stored in an MEF file, even if it has only one extension. Fongxa:

ecl > incopy bpmpl bpmfullsize.fits ver+
bpmpl -> bpm fullsize.fits

ecl > i ncopy bpmpl bpmfits[extnane\=pl,type\=mask] ver+
bpm pl -> bpm fits[extnane=pl,type=mask]

newfirm- dir bpm | ong+

-b-rwr-r- ned 201600 Jun 1 15:39 bpmfits
-b-rwr-r- ned 175984 Jun 1 15:35 bpm pl
-b-rwr-r- ned 16764480 Jun 1 15:40 bpmfullsize.fits

Thei ntopy statement used to create the mask has two notable featuirss, tiireext nane
must be specified explicitly, to ensure that an MEF file is e Here, we call the extensign ,
but any name can be used. Tihecopy statement could be shortened to:

ecl > i ncopy bpmpl bpmfits[pl,type\=nask]

The specificationt ype\=mask indicates that the image will be a FITS-encapsulated mask fil
This results in the considerable size savings relativeaduh-sized FITS version of the image.

2.3 NEWFIRM image filenames

If you retrieve your raw NEWFIRM data from the NOAO ScienceclAive, the files that are deliv-
ered to you will have different filenames than those assigiédae telescope. The NEWFIRM Ob-
serving Control System (NOCS) assigns FITS filenames fdn ebservation that include a user-
specified prefix and a 5-digit frame index number, en@3. 28700. fi t s. However, these file-
names are not guaranteed to be unique (e.g., the index conayebe reset occasionally), and are
thus not suitable for archival use. The NOAO Science Archs&gns a hew, unique name to every
file that it ingests, and when you retrieve data it may havenaeg&keNSAR3 _kp698551. fi t s.
TheNSARS3 prefix indicates that the data were retrieved from the NOA@&® Archive (version
3), whilekp698551 is the unique identifier assigned by the iISTB archive ingestiystem. There
are various FITS header keywords that record both the oldhandfilename information:

5The backslashs in the stringxt name\=pl andt ype\=mask are necessary as escape characters before the
equals signs.
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FI LENAME= ' n03. 28070.fits’ / Original host filenane

DTACONAME ' / home/ dat a/ n03. 28070.fits” [/ file nanme supplied at tel escope
SBID = 'kp698551 "/ unique i STB identifier

SB NAME = ' kp698551.fits "/ nane assigned by i STB

DTNSANAME ' kp698551.fits "/ file nane in NOAO Science Archive

Nothing about thef ext er n tasks depends on the nature of the filenames, so if you retriev
data from the archive, you may leave the names as they weree\to, astronomers reducing their
own data might want to refer to the original filenames, eay.cbmparison to their observing logs
taken at the telescope. Also, files ordered alphabeticglthéir archive names aret guaranteed
to be sorted in the chronological order in which the obsémmatwere taken. NOAO provides an
IRAF script, as well as a stand-alone PERL script (using WOSLS), that can be used to rename
files to the original names that were assigned at the telesddpese are available at:

htt p:// nvo. noao. edu/ noaonvo/ contrib. shtm

3 Thenf ext er n package and its sub-packages

You should download the latest version of thieext er n package from the IRAF external pack-
ages repository at:

http://iraf.noao. edu/ extern. htm

Follow the installation instructions provided with the gage. You should be running IRAF ver-
sion 2.14, ideally with the version 2.14.1 patch that wasaséd on September 16, 2008.
When you load thef ext er n package, you will find three sub-packages:

ecl > nfextern
ace. nsct ool s. newfirm

We briefly discuss each of these in turn.

3.1 The Astronomical Cataloging Environment @ce)

The Astronomical Cataloging Environment,ace, is a package that contains tools for generating
and manipulating source catalogs within IRAF. We will nidddiss it in any detail here, although
several tasks in theewf i r mpackage call on tasks froece. General documentation face
can be found in the users guid€E: The IRAF Astronomical Cataloging Environment (Valdes,
2008).

3.2 nmsectools

Most of the data reduction operations required to reduce RERM data must be applied to all
four arrays. It is therefore convenient to use IRAF tasksgiesl to work with the MEF data

7
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format. Thensct ool s package provides tools for conveniently handling MEF fardeta inde-
pendent of the the type of arrays. This package was derieedrfscr ed, the first IRAF package
for reducing data from the NOAO MOSAIC wide-field CCD imageifsyou have usedrscr ed,
much of thensct ool s package will be familiar or even identical. The conceptrfecct ool s
was to separate the instrument—specific partssafr ed, those dealing with CCD data reductions
and the MOSAIC instruments in particular, from the genem@age format parts. Then the in-
strument and data reduction tasks are then provided in &eppackages, such as thewf i r m
package discussed below. The taskssict ool s are:

nf ext er n> nect ool s

ai mexpr nmscedi t nMsCj 0i n nmscst ack
m npar s@ nscexani ne nscnedi an nscst at
nmknsc nscext ensi ons nscpi xar ea nsct oshort
nscaget cat nscfi nder nscpi xscal e nsct vmar k
nmscarith mscfi ndgai n mecrfits MECWCS
nmschl kavg nmscf ocus nmscsel ect mscwfits
nsccmat ch nscget cat al og nscsetwcs nsczero
nsccnd nscheader nscshut cor nskner ge
nscctran nsci mage nscskysub

nscdi spl ay nsci mat ch nscsplit

Note: it is advisablenot to load both tharsct ool s andnscr ed packages at the same time!
Many tasks appear in both packages, sometimes with the samesrbut different parameters or
detailed functionality. Loading both packages can leadttisions or confusion.

3.3 Thenewf i r mpackage

Thenewf i r mpackage contains routines that have been specially tdiforeeducing NEWFIRM
data. Some of the tasks are scripts which in turn call moremgémmage processing routines. The
newf i r mtasks are:

nf extern> newfirm

cgroup nf del t asky nf gr oup nf opr oc nf t wonass
conbi ne nf dpr oc nflinearize nf proc nfwcs
dconbi ne nf f ocus nflist nf set sky

f conbi ne nf f proc nf mask nf skysub

A ‘help’ listing for the package gives these brief summaries

newfirnm> hel p

cgroup - G oup exposures
conbi ne - Combi ne exposures

dconbi ne - Conbi ne dark exposures

fconbi ne - Conbi ne flat exposures
nfdproc - Process NEWI RM dark exposures

nfdeltasky - Fit and subtract residual sky background from NEWI RM i nages

nffocus - Determ ne best focus from NEWFI RM exposures
nffproc - Process NEWI RM done flat field exposures
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nfgroup - Goup NEWFIRM data in list files
nflinearize - Linearize NEWI RM exposures

nflist - List NEWFIRMimage paraneters as derived by nfproc
nfmask - Create data quality masks for NEWF RM exposures
nfoproc - Apply instrunmental calibrations to NEWI RM obj ect exposures
nfproc - General task for processi ng NEWFI RM dat a

nfsetsky - Pair exposures for pairw se sky subtraction

nf skysub - Subtract sky from NEWFI RM i mages

nftwomass - Get 2MASS cat al og data

nfwes - Derive WCS for NEWI RM exposures

One of the most important tasksri§ pr oc. This is a generalized tool for carrying out many of
the steps in NEWFIRM image processing, including imagertring, bad pixel interpolation, dark
subtraction, linearization, generating saturation angipence masks, flat field correction, and
sky subtraction. Itis analogousd¢adpr oc in thenscr ed package of MOSAIC reduction tools.
nf pr oc is quite complicated, with more than 60 parameters. It cakernae of expressions which
can define fairly complex operations, and which are storathiabase files. A general discussion
of these expressions can be found by reading the help filgrfocexpr .

There are several tasks that are scripts which simplify seeofnf pr oc and other tools, setting
parameters in ways that are appropriate for particulargesiog steps. These includédpr oc,
nf f proc,nf oproc,nflinearize,nf mask, nf skysub andnf wcs. In the discussion that
follows, we will mainly use these scripts to break down thegassing into several steps, and
to clarify the definition of task parameters. However, onoa fiave mastered the use of these
tasks, you may wish to return to the more genafgbr oc routine, which gives greater processing
flexibility and may be used to combine operations for greatecution efficiency. Future editions
of this Data Reduction Guide may include more detailed and advanced examples ugipg oc.

Thenf ext er n package source distributionincludes a directorgxt er n$newf i r m nf dat
(aliased tanf dat $ when you load th@ewf i r mpackage). This contains a variety of “data” files
that are used by the various tasks, including the expresisitaibbases called mf pr oc and other
tasks, some parameter definition files for tee source cataloging package, and some actual
NEWFIRM calibration reference image files, such as a badlpnagp and linearity coefficient
maps.

4 Basic instrumental characteristics of NEWFIRM

The NEWFIRM chapter of thelOAO Data Handbook gives a reasonably detailed description of
NEWFIRM and the basic characteristics of its data. Here, uversarize certain features that are
important to understand in terms of the basic data reduction

4.1 Array layout and FITS files

Figure 1 illustrates the layout of the four NEWFIRM arrayseit orientation with respect to the
sky, and their storage within multi-extension FITS filesjraplemented for observing semesters
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2008A and afterward.In this Data Reduction Guide, the four arrays are indicated by their MEF
image extension names (header keywekd'NAMVE): [ i miL] ,[i mR] ,[i nB] ,and[i m4] . The
raw FITS images have 2112 columns and 2048 rows in each éxte$e last 64 columns (2049
to 2112) are “reference pixels” and are not illuminated &e82).

4.2 Bias, dark, and reference pixels

Over most of the NEWFIRM detector arrays, the actual darketuiis quite low, although there are
individual pixels with higher dark count rates, and someaeg of the detector where structural
damage results in extra signal. Most of the structure in NERWF “dark” images is actually
electronic offset (or bias) which can depend in a complex wayhe readout parameters such
as integration time, digital averages, coadds, and Fovaempsng. The arrays are operated in
correlated double sampling (CDS) mode. In CDS, the arraggstr then after a short but finite
time interval, each pixel is read once, non-destructivdlige amplitude of the electronic offset
level can be different for each of these readouts, and mageithdbe lower in the final read than
it was in the initial read, leading to negative values in thgSdifference image. Therefore, you
should not be alarmed if you find “darks” with negative values

Because of the strong dependence of the electronic leveleanstrument readout timing, it is
advisable to subtract dark calibration images taken wighstime readout parameters (integration
time, digital averages, coadds, and Fowler sampling) asethised for the science data. For some
applications, dark subtraction may not be so important.., Bvpen reducing IR imaging data,
one frequently takes differences between science imageoféset sky frames (or sky images
constructed from dithered science data). In this case,iffsa-tark signal is removed to first order,
although some residuals may remain if the sky backgroumehsity is varying strongly with time,
requiring rescaling between the “object” and “sky” images.

The NEWFIRM arrays include several different sorts of “refece pixels” which track the
electronic stability of the detectors. These are discugsstdme more detail in the NEWFIRM
chapter of theNOAO Data Handbook. In principle, these may be used to determine a reference
zero level for each exposure, which can be useful if thisliswenstable or temperature-dependent,
as is often the case for infrared arrays. As of this writitngg tise of the reference pixels is still
being investigated, and we do not concern ourselves witi there, except for their location in
the raw data. The first and last columns of the array (in thgiroal native detector readout frame,
which is different than the orientation in the final MEF fitefif see figure 1) are meant to represent
un-illuminated and saturated pixels, and should be trimavealy from science data. There is an
additional reference pixel for each of the 64 readout angptifthat is read once per row during
readout. In the MEF FITS files that are written for the raw d#ta values from these reference
pixels are stored in columns 2049 to 2112 (spanning all 2048 of the detector). It is common

"The arrangements and orientations of the arrays in the ME§\iiere different for observations taken during the
commissioning and shared-risk period in semesters 200dA28a7B.

10
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Figure 1: NEWFIRM array orientations and FITS file layoutdtiservations from semester 2008A
and after. Labels in each quadrant indicate the detectotifab (e.g., SN019), the pixel acqui-
sition node (PAN, e.g., PAN-A2) used to read out that array, the FITS image extension (e.g.,
im2) in which data from that array is recorded. Arrows in equhdrant indicate the readout direc-
tion within each amplifier. In the upper left hand quadrampapass rose indicates the orientation
of the celestial equatorial coordinate system, while agogimnows the orientation of thex, +y
pixel axes. These are the same for all four quadrants.

11
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practice to trim the images to eliminate the reference pixeding the image subsectioRl MSEC
= '[2:2047, 2: 2047] which is specified in the raw image headers.

4.3 Non-linearity and saturation

The NEWFIRM arrays, like most infrared detectors, are nadr. For an incident signal with
fixed intensity, the counts recorded by the detector ineredsa rate that is slower than linear.
As more photoelectrons accumulate in a pixel, the rate atlwadditional electrons accumulate
decreases. At count levels of 10000 ADU (or 80000 electrgiven the NEWFIRM gain~ 8
electrons/ADU), the arrays are typically6 to 8% nonlinear, and they saturate at a level somewhat
higher than this.

It is important to calibrate the nonlinear behavior of imé@ arrays, and to remove this when
reducing NEWFIRM data, for several reasons:

e to ensure accurate relative photometry between brightesue.g., standard stars) and faint
sources (e.g., distant galaxies or faint stars of scientiferest),

e to ensure that flat field exposures (dome or sky flats) acdynatp the relative pixel respon-
sivity over the array,

e to ensure that the recorded counts from the sky vary in adingaform way over the ar-
ray as the sky brightness fluctuates, in order to faciliteyessibtraction by running median
procedures.

Linearity calibration for NEWFIRM is complicated by the fathat the images which are
recorded by the instrument do not include all of the courdis were originally collected in each
pixel. The arrays are operated in correlated double sagnp@DS) mode. In CDS, the array is
reset, then after a short but finite time interval, each pgixeéad once, non-destructively. It takes
a significant period of time to read the whole array, and tfloeeethis “reset-to-1st-read” interval
varies with pixel position. After the first read, the desieaghosure time passes, and then the pixels
are read again. The final value that is recorded for each [@x#fference between the values of
the two readouts. However, the actual, total number of actated counts was larger, due to the
counts collected during the r2r interval. For the most comiomad band observing mode with
NEWFIRM (4 digital averages and 1 Fowler sample), the rZrivdl varies from 0.0346 to 1.1946
seconds, depending on pixel position on the array. For sxposures, this can be a significant
fraction of the total requested exposure time, and for h@intrates, the “true” number of counts
collected in a pixel may be very different from the “measutrmealints recorded after the CDS dif-
ference, and therefore may place that pixel on a very diftgpart of the linearity curve. This r2r
time is much longer when multiple Fowler sampling readomtsused (e.g., as a strategy to reduce
the effective detector readout noise in low-backgroundigans such as narrow band imaging).

Figure 2 shows a schematic (but realistic) representattoNESVFIRM linearity behavior.
Here, the number of counts recorded by the array departsrapiczadly from the true number
of counts that should have been recorded if the array weeadjrup to a saturation threshold at
12000 ADU. Figure 3 illustrates the number of counts thatl@ctually be measured in a CDS
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Figure 2: Schematic illustration of infrared array nonéingy. For a true, linear count rate
incident on the detector, the horizontal axis shows thee"traunts” for an exposure tintei.e.,

n = ro X t, while the vertical axis shows the counts actually collddtg the pixel. The dotted
line shows a linear relation, while the solid line shows action which departs quadratically in a
manner similar to that of the NEWFIRM arrays, and which thetusates at a maximum value of
12000 ADU. The dashed reference line indicates 10000 AD@revthe NEWFIRM arrays depart
from linear behavior by about 6%.

observation with requested exposure timdaking into account the signal from the r2r intergal
that gets subtracted away. The figure at left shows how tharappsaturation threshold decreases
for shorter exposure times as the r2r timébecomes a significant fraction of the total exposure
timet, = t. + t.. Atright, we see how the variation in the r2r timeover the array can lead to
different linearity and saturation behavior for a fixed (ghexposure time.

The linearity behavior of NEWFIRM, and methods for corregtit, are discussed in detail in
Dickinson et al. (2009). Thef ext er n package includes tasks to apply a linearity correction, as
described ir§5.6.
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Figure 3: Left: Measured counts for schematic NEWFIRM array behavior, asation of true
incident count rater(), for various exposure times = 1 to 32 seconds, assuming a reset-to-
1st-read interval, = 1.0 second.Right: Measured counts for a short (2 second) exposure as a
function of incident count rate, for various reset-to-r@adrvals from O to 2 seconds.
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4.4 Persistence

Infrared arrays are frequently subject to persistenceefi@lso sometimes called ‘latency’). Ex-
posure to light, particularly at high bright levels, canuiés a residual signal that gradually decays
over time, and which can have an impact on subsequent exgmstiiere may be various physical
detector behaviors that cause these persistent sourcexalse is an increase in the dark current.
Another is a local change to the bias level. For CCD detecpansistence may result from a fail-
ure to clear charge during array readout or clear operatiagturally good detectors have minimal
persistence which appears with low amplitude in the nexbsupe and decays quickly after that.

Persistence from sources in images of the sky can have a mwhbbservable effects, some
of which are complicated by the standard procedures usestitcce near-IR data. The persistent
afterimages of bright sources may appear as positive “ghwsjes” subsequent, dithered expo-
sures. These persistent images may then themselves inkyastilstraction. For a give image,
a sky frame is commonly constructed using some sort of rgnairerage or median of several
exposures taken before and after the image in questionhvidiiben subtracted from the original
image. Persistent afterimages may bias the sky frame awd fdants” in the science data after
sky subtraction. In particular, for a bright source, thesggtence in subsequent exposures will lead
to a systematic bias if frames “downstream” (in time) aréuded when determining the sky level.

There are several possible ways to handling persistendeeinldta calibration. Ideally, the
decay of persistent signal as a function of time and/or areagiout can be accurately modeled
and subtracted from subsequence images. This method isdiftieult to apply in practice, how-
ever, particularly for saturated sources where the ingigihal level is unknown. Persistence in
NEWFIRM has not has not yet been characterized well enougimable this sort of correction.
Persistent signal is found to decay quickly over the first feivutes after a pixel is exposed to a
bright source, then more slowly, lasting as long as 30 msatanore at a level of a few ADU.

Another way to treat persistence is to identify pixels atedoy persistence and mask them for
subsequent operations, such as estimating the backgrousklfsubtraction, or when combining
dithered images into a final stack. §5.5 we describe how to do the latter using fairly simple
assumptions.

4.5 Pixel scale, geometric distortion, and world coordinags

The NEWFIRM image scale is approximately 0.4 arcsec/pikewever, in detail the pixel scale
and geometry varies over the field of view, mainly due to @bteffects in the instrument. The
higher order terms of the geometric distortion, as well &rtbminal pixel scales and orienta-
tions, have been calibrated by observations of astromedference fields. These are recorded
in world coordinate system (WCS) keywords in the raw dataSHh€aders, including the coordi-
nate tangent pointRPI X1, CRPI X2, CRVAL1, CRVALZ2), CD matrix CD1_.1, CD1.2,
CD2_1, CD2_2), and higher order geometric terms encoded indA&? _??? keywords accord-
ing to the IRAF “TNX” convention.

It is believed that the NEWFIRM geometric distortion is fgistable with time, although this
has not been extensively tested by repeated astrometifizatadn observations. However, low
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order terms may certainly vary. The exact orientation ofigld may vary somewhat each time the
instrument is mounted on the telescope. Although difféaéatmospheric refraction is a relatively
small effect at infrared wavelengths, it can still lead tames in pixel scale and field geometry as
a function of telescope pointing and airmass.

The NOAO 4m telescope control system (TCS) provides inféionaabout the nominal tele-
scope pointing at the time data are taken. This is recorddteiRITS headers of raw NEWFIRM
headers in various keywords, includiRé andDEC, OBJ RA andOBJDEC, TELRA andTELDEC.
These coordinates are not always accurate; they dependesatopand observer procedures to
“zero” the pointing of the telescope on known sources, aedatituracy of the telescope pointing
varies over the sky and with time.

Accurate astrometric calibration and alignment of NEWFIRMa depends on empirical mea-
surement of source positions in the images. Fortunatedy2MASS catalog provides a suitable
resource for this purpose, with accurately calibratedastry for stars with a high enough surface
density to provide many points of reference per NEWFIRM imagyen at high galactic latitude.
We describe procedures for calibrating the NEWFIRM WCS$ 9.

4.6 Flat fielding

The topics of flat fielding, photometric calibration, and kground subtraction (discussedgi.7)
are intertwined, and to some degree are a matter of definitidre response of each pixel to
illumination may be vary as a function of pixel position doaltfferences in the quantum efficiency
of the detector and due to optical effects (filter transmoissvignetting, etc.) that may vary over
the field of view. Here, we consider flat fielding to be the nplitiative operation needed to ensure
that an astronomical source of fixed brightness will ultiehaproduce the same number of ADU
in the final, reduced image, regardless of its position irfithld of view.

Flat fields are often calibrated using observations of acstivat nominally provides uniform
illumination, such as a white spot in the telescope domehersky itself. However, there are a
variety of reasons why this may not fully accomplish the gafa¢énsuring that sources (such as
stars) produce the same number of ADU in the reduced imagediegs of location. For example,
the “white spot” used for dome flats may not be perfectly umifly illuminated, especially for
a wide field camera like NEWFIRM. There may be color-depen@éiects due to variations in
the detector quantum efficiency or instrument optical tn@ission with wavelength that may lead
to issues if the color of the flat field lamps or the sky backgrobdiffers substantially from that
of astronomical sources of interest. There may be scattarsttray light that can illuminate the
detector in ways that are different from those of astronairsources. The latter is particularly
relevant at wavelengths longer than about 2 microns, wiheretal emission from warm elements
in the telescope structure or baffling can enter the light pat

For this first version of the NEWFIRM data reduction guide,wik neglect these various sub-
tleties and address only the simple case of flat fielding usomge flats, focusing on the operational
concerns of how to construct and apply master dome flat ediliorimages using tools available in
the IRAFNf ext er n package. Several groups of observers have been investjgssues related
to optimal flat fielding of NEWFIRM, and we expect to report tvese in future editions of this
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guide.

The net efficiency of the four NEWFIRM quadrants is not the eam particular, array SN019
(in extensior] i mL] ) has an extra layer of anti-reflective coating, which leadswer average re-
sponsivity, especially at shorter wavelengths (e.g., é@iband). It is a matter of choice whether
one tries to remove this during flat fielding, by using a MEFfietl whose normalization is differ-
ent for each quadrant, or whether one normalizes the flatifieddch quadrant to an average of 1,
and then takes out the net zeropoint differences duringribeegsing steps related to photometric
calibration. In this flat fielding procedures describedb.2 and 5.6, we attempt calibrate out
the different efficiencies of the arrays using the MEF flatdfidHowever, it would be prudent to
verify this by observing photometric standard stars in epcdrant, or by reference to unsaturated
2MASS stars measured in the four arrays.

Another subtle issue related to flat fielding (with any instant, but particularly relevant to
wide field imagers) is the varying angular scale of pixelsrdiie field of view, described in the
previous section. In raw images, the solid angle subtengled fixel on the sky varies over the
field of view. Flat fielding procedures that divide by a (sugpgdly) uniform source of illumination
like a dome flat conservairface brightness, not source flux: a source with fixed angular size will
cover a different number of pixels in different parts of tmeag. In the data reduction procedures
described in this guide, this will be addressed by resargphe images to a tangent plane projec-
tion that removes the nonlinear distortions. During thiprejection, the pixel resampling is done
by conserving surface brightness (not pixel flux). The reisuhn image that is now photometri-
cally “flat”, such that a star or galaxy will have the same ltotamber of ADU regardless of its
position in the field of view.

4.7 Sky background

The ground-based near-infrared sky “background” is reallgreground, arising mainly from the
atmospheric OH emission and from thermal emission (maih® microns and longer) from the
atmosphere, telescope, and warm optics. This sky is quigditbioften much brighter than the
astronomical sources of interest. It is therefore necgssaneasure and remove it with great ac-
curacy in order to study faint stars and galaxies. Both thensity and the detailed 2-dimensional
structure of the background can vary with position on th@yand in time. The sky illumi-
nation may not be perfectly “flat” over the array, even aftsision by a flat field, for reasons
discussed in the previous section. Moreover, the detadsdanse of the NEWFIRM detectors
may vary with time, temperature, array readout parameteisther conditions, leading to nonuni-
form background that may change over time. Titeetional amplitude of these variations might
be quite small relative to the mean sky background, perhd&@saon of a percent, but it can still
be important to account for them accurately when reducifrgried data. For example, temporal
or spatial variations in the array response may be too smatidtter from the point of view of
source photometry. However, if the surface brightness efsky is hundreds or even thousands
of times larger than that of faint astronomical sourcesn thactionally small effects on the sky
background structure could easily swamp the signal fronirtended science targets unless the
background is removed very accurately.
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Commonly, observers remove the background from infrarealying data by taking the dif-
ference between images taken close in time to one anotherddtails of the procedure depend
on the sort of target being observed and the observing gyrabat is adopted. For large targets
that fill a significant fraction of the imager field of view, arrfcrowded fields, an observer might
occasionally offset the telescope pointing to a nearbgtikaly blank field in order to obtain a sky
calibration image. For observations of relatively sparskl$i (e.g., deep imaging at high galactic
latitudes), an observer may simply dither the telescopenabdources are moved over a num-
ber of independent, non-overlapping positions on the ai$ky background images may then be
constructed from the dithered science data themselves.

The first edition of this data reduction guide will discussyomne example of sky subtraction
for NEWFIRM data reduction, using tools in the IRAHF ext er n package to carry out “run-
ning median” sky subtraction for dithered observationsetétively sparse fields. However, the
nf ext er n tools can also facilitate sky subtraction for other obsegvinodes, and it is planned
that future versions of this document will discuss othemeples.

5 Reducing NEWFIRM Data

The remaining sections of this guide present step-by-stamples illustrating the reduction of
NEWFIRM data from raw exposures to image stacks.

In this first version of theNEWFIRM Data Reduction Guide, we will focus on one particular
example, namely, the reduction of dithered broad band intadata for relatively sparse fields.
However, most of the steps apply equally to other sorts oénMagions as well. Imaging large
targets that fill much of the field of view (large galaxies olagtic nebulosity, for example), or of
crowded fields, may require different approaches to skyraation, which we hope to discuss in
future versions of this document. For narrow band imaging,sky background is lower, and ad-
ditive instrumental effects such as bias and dark curregtlmeanore important and require closer
attention. Narrow band integration times per image are géseerally longer, leading to a slower
cadence and thus perhaps to greater impact from instruhiesti@bilities. The sky background in
narrow bands can also exhibit non-uniformities differéwirt those in broad band data, e.g., “ring”
patterns due to small shifts in the bandpass over the fielteof kelative to the wavelengths of OH
atmospheric emission lines. Observations of relativelghirsources may require more attention
to persistence and latency effects, or other artifacts isotildsed here, such as internal reflections.

The basic steps of data processing that are discussed iolkbwwihg sections include:

e Creating master dark calibratiorfs(1)

e Creating master dome flat calibratio3s Q)
e Applying bad pixel masks;6.3)

e Trimming images{5.4)

e Linearity correction £5.6)
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¢ Flat fielding 5.6)

e Sky subtractiond5.7,85.8)

e Astrometric calibrationg5.9)

¢ Re-projecting dithered image$5(10)
e Stacking dithered image§%.11)

e Second—pass processings.(12)

— Making object masks6.12.1)

— De-projecting object mask§g.12.2)

— Second-pass sky subtractidip(12.3)

— Stacking the second-pass imagés 12.4)

5.1 Creating master dark calibrations

As discussed i§4.2, it is advisable to subtract dark calibration imagesmakith the same readout
parameters (integration time, digital averages, coadakFawler sampling) as those used for the
science data. The actual dark current for NEWFIRM is quite land most of the structure in
the “dark” images is actually electronic offset (or bias)osh value and structure can depend in a
complex way on the readout parameters.

We will assume that you have a set of individual dark expasuréhe working directory, taken
in one or more NEWFIRM observing sequences, each of whichimaag had different instrument
readout parameters. The dark sequences are most easilynenimising thedconbi ne task,
which is a script that runsonbi ne with parameters set appropriately for darks. There are many
parameters, but most can be left at their defaults. A suligbeaelevant parameters are:

PACKAGE = newfirm

TASK = dcomnbi ne
i nput = List of input files to combine
out put = Dark_ CQutput rootname
(logfile= STDOUT) Log out put
(select = obstype="dark’) Sel ection expression
(group = exptime) Group expression
(segval = segnum) Sequence val ue expression
(seqgap = 0.) Maximum gap i n sequence val ue
(conbi ne= average) Type of conbine operation
(reject = m nmax) Type of rejection
(scale = none) | mge scaling
(zero = none) | mage zero point offset
(wei ght = none) | mge wei ghts
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(nlow = 1) mi nmax: Nunmber of |ow pixels to reject
(nhigh = 1) m nmax: Nunmber of high pixels to reject
(nkeep = 1) Mnimumto keep (pos) or nmaximumto reject (neg)

The parametersut put andgr oup result in an output filename that combines the prB&x k _
with the image exposure time in sections, eJg; k_10. f i t s. The parametegr oup = expti me
ensures that darks with the same exposure time are groupetthéw before combining. The param-
etersseqval andseqgap ensure that each sequence of darks taken by the observif{eteby
the FITS header keyworBEQVAL ) is combined separately. If you don’t want this (e.g., youeha
multiple sequences of 10s darks and you want to combine thietogather), seseqval =""
The default combine parameters are set so that the expa@reseraged without any rescallng
or offsets, usingn nnmax rejection, excluding the lowest and highest data valuesdoh pixel.

You may rundcomnbi ne onindividual lists ofimages (e.gdconbi ne @.i st. dar k. 10s)
that you have prepared. Or, you may simply run it for all ravag®s in your working directory.
Setting the parametsel ect tothe valueobst ype = ' dar k’ ensuresthalconbi ne oper-
ates only on images with header keyw@BSTYPE = DARK, and thegr oup, seqval and seqgap
parameters should ensure that each dark sequence withreegipesure time are combined into a
single output frame. For example, here we daonbi ne on a directory of raw NEWFIRM data
which includes four different sequences of dark exposurdswarious integration times, and then
examine the results:

newfirm> dconmbi ne n03.+.fits Dark_ group=exptine

newfirm> nflist Dark *fits
May 13 17:11 nfli st

Dark_10[i ml][dark][1
Dark_10[i mR][dark][2
Dark_10[i nmB][dark][3

101[10.0]
|
Dar k_10[i m4] [ dar k] [ 4]
[
[
[

[

[1[10.0]

[1[10.0]

[]1[10.0]
Dark_60_1[i mi] [dark][1 60.
Dark_60_1[i n2] [dark] [ 2
Dark_60_1[i n8] [dark] [ 3
Dark_60_1[i m4] [dark] [ 4
Dark_60_2[i ml] [dark] [ 1
Dark_60_2[i n2] [dark] [ 2
Dark_60_2[i n8] [dark] [ 3
Dark_60_2[i m4] [dark] [ 4
Dark_5[i mi][dark][1][]
Dark_5[i n2] [dark][2][]
Dark_5[i n8] [dark][3][]
Dark_5[i ma] [ dark][4][]

11
11
11
1M1
1111
11106
11106
11106
11106
11106
][][60
111160
[5.0][
[5.0][
[5.0][
[5.0][

[ .
[ ]
[ ]
[ ]
[ ]

Note that there were two different sequences of darks BXRATI ME = 60, resulting in two
different combined image®ar k_60_1 andDar k_60_2. In this particular case, one set of darks
was taken witHEXPCOADD = 60 andNCOADD = 1, while the other was taken witeXPCOADD
= 15 andNCOADD = 4. Both have neEXPTI ME = 60, but these darks will have different
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structure. Although thaewf i r mpackage has features that try to match calibrations wignsel
data appropriately, e.g., by filter, exposure time, ete, uker should always be careful to keep
track of these things and specify calibration files exgiiaitambiguities might otherwise result.

Runningdconbi ne on raw darks will give a combined master dark that still netdbe
trimmed to the right image size. The user may also wishitepi x over known bad pixels. This
can be done with thaf dpr oc command, which is a script that run$ pr oc with appropriate
parameters. If this is run on the combined dark (as oppos#tetindividual raw frames before
combining), you will want to reset the default parametersamething like this:

PACKAGE = newfirm

TASK = nfdproc
i nput = Li st of input NEWFIRM fil es
(output = tnp_+) List of processed dark files
(trim = yes) Trinf
(fixpix = yes) Fix bad pixels by interpolation?
(bpm = nf dat $nf bpn) Li st of masks or expression
(bi ascor= no) Bias reference pixel correction?
(list = no) List only?
(logfile= STDOUT, | ogfile) Log files
(rmode = ql)

This will put the trimmed image into a temporary copy whiclm ¢aen be renamed:

newfirnm> nfdproc Dark_*.fits
May 13 17:20 nfdproc

Dark_10[i ml][dark][21][][10.0][]
Dark_10[iml]: Trim $I

trimsec = [2:2047, 2: 2047]

Dark _10[i ml]: Fixpix $I

$M = nf dat $nf bpn{ i mL]

Dark_10[i m2][dark][2][][10.0][]
Dark_10[inR]: Trim $I

trimsec = [2:2047, 2: 2047]

...etc...

newfirnm> i mhead *Dark_=.fits[iml] |ong-
Dark_10.fits[iml][2112,2048][real]: Dark Calibration
Dark_5.fits[inl][2112,2048][real]: Dark Calibration
Dark_60_1.fits[iml][2112,2048][real]: Dark Calibration

Dark 60 2. fits[iml][2112,2048][real]: Dark Calibration
tnp_Dark _10.fits[iml][2046,2046][real]: Dark Calibration
tnp_Dark 5.fits[iml][2046, 2046][real]: Dark Calibration
tnp_Dark _60_1.fits[iml][2046, 2046][real]: Dark Calibration
tnp_Dark _60_2.fits[iml][2046, 2046][real]: Dark Calibration

newfirnm> delete Dark _*.fits ver-
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newfirnm> imenanme tnp_Dark *.fits %np %ark *.fits ver+
‘“tnp_Dark_10.fits" -> ‘Dark_10.fits’

‘“tnp_Dark _5.fits’ -> ‘Dark_5.fits’

“tnp_Dark 60 1.fits’ -> ‘Dark_60 1.fits’
‘“tnp_Dark 60 2.fits' -> ‘Dark_60 2.fits’

5.2 Creating master dome flat calibrations

Flat fielding for a mosaic instrument like NEWFIRM can be ursdi@eod in a variety of different
ways, and indeed our knowledge of the best flat fielding proedfor NEWFIRM itself is still
evolving. For this version of thBata Reduction Guide, we will consider only the standard case
using dome flats, i.e., sequence of exposures taken of amilaied white spot inside the telescope
dome. With near-infrared instruments, it is common to takgosures both with the dome flat
lamps on and off, and then take the difference of the two. é/hband in particular, thermal
emission from the white spot and elements of the telescopestiument structure may illuminate
the detector in ways that are different than how the imageno&stronomical object, passing
through the telescope and instrument light path, wouldnihate the detector. Taking the on-off
difference should remove any thermal (or other scatteggd)lcomponent in the dome flats.

The preferred way to take dome flats using the NEWFIRM Obagr@ontrol System (NOCS)
is with the ‘DomeFlatSequence’ operation. This takes aesesf dome flats in selected filters
with specified exposure times. The “lamps off” flats are tafest, followed by “lamps on” flats.
The flat field lamp control is manual, and the observer is ptechpo turn on the maps at the
appropriate time. The NEWFIRM instrument and NOCS do noehawy computer control (or
sensing) of the dome flat lamp state, so observer input isrtyeweay to provide header metadata
information about the dome flats. Calibrations taken with fDomeFlatSequence’ should be
identifiable by the header keywoNMDCTYP = DFLATS, with the keywordNOCLAMP set toOn
or O f, reflecting the nominal state of the dome flat lamp. Altenayi, NOCS also permits the
use of the ‘DomeFlat’ sequence, with a check-box on the NOOE(EGUI) to indicate whether
the flatfield lamps are on or off. In this case, the header ket MNOCT YP will be set toDFLATON
or DFLATOFF and NOCLANMP will be set toOn or O f accordingly. For either NOCS script, the
header keywor@@®BSTYPE should have the valueLAT.

These dome flat observing procedures rely on the observentdetmps on and off and use the
observing scripts and NGUI check-boxes accordingly. Thiusy are naturally subject to error.
When processing NEWFIRM data you should check the statistigour flat images to make sure
that the signal levels make sense. Also, pay close attetditime possibility of saturation in the
dome flat images (se€g.3 for a discussion of saturation).

There are several ways in which one might go about constigictiaster dome flat calibration
images. Here, we will consider the full procedure for camsing dome flat master calibrations.

1. Process individual dome flats: trimming, fixpixing, dadb&action, linearization

2. Combine processed dome flats by filter and by dome flat laate &n and off)
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3. Take on minus off difference for each filter
4. Normalize combined flat fields to a mean value of 1.

We illustrate this full procedure below, but in practice anght take some shortcuts. If the
dome flat brightness level and ambient dome illuminatioelleve fairly constant, then all of the
images in a given filter in each lamps state should have abewsame count level. In that case,
one could switch the order of steps 1 and 2, combining the @wedflat exposures first (by filter
and lamp state), then process the combined image throughing, fixpixing, dark subtraction
and linearization (rather than processing each individypbsure, which is computationally more
expensive).

The tasknf f pr oc is a script that runaf pr oc with parameters set appropriately for process-
ing dome flats. Here we show an example of useful parametarget

PACKAGE = newfirm

TASK = nffproc
i nput = List of input NEWFIRM files
(output = flat_+) List of processed dark files
(trim = yes) TrinP
(fixpix = yes) Fix bad pixels by interpolation?
(bi ascor= no) Bias reference pixel correction?
(darkcor= yes) Apply dark count calibration?
(lincor = yes) Linearity correction?
(normali= no) Nornalize?
(bpm = nf dat $nf bpm) Li st of nasks or expression
(darks = Dark_*) List of dark inages
(floor = 1.) Qutput m ninmum val ue (ADU)
(list = no) List only?
(logfile= STDOUT, | ogfile) Log files
(mode = ql)

The parameteout put = f| at +_ results in output images that attach the préfixat _ to
the input file name. The next parameters control the varioosgssing steps. The use of the bias
reference pixels has not yet been implemented. The bad miask (for fixpixing) is specified
by thebpmkeyword, and the default is the standard bad pixel mask geovivith the package
distribution. Thedar ks parameter specifies the names of dark calibration imagesgaliitracted.
Unless a specific filename is given, the task will use a dark it appropriate exposure time
(EXPTI ME header keyword), or with the closeSXPTI ME available if there is not one with the
exactly correct value.

nf f pr oc will run only on objects withOBSTYPE = FLAT. You may provide it an input
list specifically identifying dome flat exposures to processsimply run it on all images in your
working directory, and it will only process the flat field exquwes. Here, we runf f pr oc with
nor mal i ze = no so that the files are not renormalized to unit mean, as wepkdifl to take the
difference of the (unnormalized) lamps—on and lamps—af fla
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newfirnm> nffproc n03.+.fits

May 15 13:19 nffproc
n03.27786[i mL] [fflat][1][H [4.0][]
n03.27786[inml]: Trim$

trinmsec = [2:2047, 2:2047]

n03.27786[i mL]: Fi xpi x $I

$M = nf dat $nf bpn{ i ]

n03. 27786[i ml]: dark calibration = ($I-$D
$D = Dark_5[i mi]

n03.27786[iml]: linearity correction = %lin($L))
$L = nfdat $nflincoeffs[intd]

n03. 27786[i ml]: replace = (max($l,1.))

...etc...

newfirm nflist flat _n03.27«fits
May 15 13:21 nfli st

flat_n03.27786[i m][fflat][1][H [4.0] [ TXDLR
flat_n03.27786[i n2] [fflat][2][H [4.0] [ TXDLR
flat_n03.27786[i n8] [fflat][3][H [4.0][TXDLR
flat_n03.27786[i md] [fflat][4][H [4.0][TXDLR

...etc...

Next, we combine the flats usirfgconbi ne, which (like dconbi ne) is a front-end script
that runsconbi ne with parameters set in a manner that is suitable for dome fassibset of the
relevant parameters is shown here:

PACKAGE = newfirm

TASK = f conbi ne
i nput = List of input files to comnbine
out put = Flat _  CQutput rootname
(select = obstype="flat’) Selection expression
(group = nkid(filter,1,1)//noclanp) G oup expression
(segval = segnum) Sequence val ue expression
(seqgap = 0.) Maximum gap i n sequence val ue
(conbi ne= average) Type of conbine operation
(reject = avsigclip) Type of rejection
(scale = node) | mage scaling
(zero = none) | mge zero point offset
(wei ght = none) | mge wei ghts
(mclip = yes) Use nedian in sigma clipping algorithns?
(I'signma = 3.) Lower sigma clipping factor
(hsignma = 3.) Upper sigma clipping factor

The sel ect parameter ensures that only images with header key@B&I'YPE = FLAT
are combined, while thgr oup parameter divides the list of input files into groups by thades
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FI LTER parameter and by the status of the dome flat lamp (fronN@ELAMP header keyword).
As for the case oficonbi ne illustrated above, theeqval andseqggap parameters ensure set
to process each NOCS observing sequence of flats separbitelge parameter values should be
changed if you wish to combine flats from multiple NOCS obse&sequences. We go ahead and
combine the flats:

newfirnm> fconbine flat_n03.+.fits Flat_

The names of the combined flats include the filter name andathp ktate:

newfirm- dir Flat«fits
Flat HOFf.fits Flat_HOn.fits Flat_JOf.fits Flat_JOn.fits Flat_ KOf.fits

Later, when we want to process object images, it is possableséenf pr oc to flat field using
the On and Off flats separately and a suitable expressiorkéottee normalized difference “on
the fly”. However, it is usually simpler to just take the oni-difference and normalize the flats
manually:

newfirm mecarith Flat_JOn.fits - Flat JOf.fits Flat_Jdiff.fits

Next, we normalize the flat field to have a typical value of 1réj&ve will normalize the mean
of the whole flat (averaged over all four detector arrays), tather than normalize each extension
individually. In principle, this lets us equalize the phtetric zeropoints of the four NEWFIRM
guadrants, using the flat field to remove net differences stesy throughput from detector to
detector. Here are the image statistics for the four quastran

newfirm mecstat Flat _Jdiff.fits

# I MAGE NPl X MEAN STDDEV M N MAX
Flat_Jdiff.fits[iml] 4158523 2174. 142. 7 1461. 2885.
Flat_Jdiff.fits[inmR2] 4139809 2629.909 121.193 2023.951 3235.806
Flat_Jdiff.fits[inmB8] 4119294 2802.128 182.1176 1891.54 3711.312
Flat_Jdiff.fits[iml] 4166825 2789.686 145.1734 2063.903 3514.13

Notice in particular that extensidn ml] has a lower average value, which reflects the reduced

efficiency due to the extra layer of anti-reflective coatihgttwas applied to the detector array in
that quadrant.

Runningnmscst at using the optiomgnode+ gives a “global mode” value for the image, com-
bining data from all four extensions. The output gives thabgl mode, as well as the ratio of the
mode for each of the four NEWFIRM extensions to the globaligal

newfirm mecstat Flat_Jdiff.fits gnode+
Flat_Jdiff.fits 2574.229 0.868 1.035 1.058 1.039

newfirnm> necarith Flat _Jdiff.fits / 2574.229 Flat _Jdiffnormfits

newfirm mscstat Flat_Jdiffnormfits gnode+
Flat_Jdiffnormfits 0.999 0.868 1.037 1.056 1.038
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Finally, as a matter of tidiness, we will adjust tRROCMEAN keyword in the difference flat
header. This keyword gives the mean value of the flat field areagl was computed for the “on”
and “off” flats separately when they were producedflyonbi ne. However, since we have
created our difference flat “manually” wittnscar i t h, the value ofPROCMEAN is now correct.
In fact this keyword is not currently used in the default fiatding procedures in other tasks (e.qg.,
nf pr oc), but that may change in the future, so it is good practiceteROCMEANTto 1 explicitly
in our normalized difference flat:

newfirnm> necedit Flat _Jdiffnormfits PROCMEAN 1.0 show+ up+

hedit $i nput PROCVEAN ' 1.’ add=NO addo=NO del =NO ver =NO show=YES upd=YES
Flat_Jdiffnormfits[inl], PROCVEAN: 2815. 262 -> 1.
Flat_Jdiffnormfits[inl] updated

Flat_Jdi ffnormfits[in2], PROCVEAN: 2815. 262 -> 1.
Flat_Jdiffnormfits[in2] updated

Flat_Jdi ffnormfits[inB], PROCVEAN. 2815. 262 -> 1.
Flat_Jdiffnormfits[inB] updated

Flat_Jdi ffnormfits[inmd], PROCVEAN: 2815. 262 -> 1.
Flat_Jdiffnormfits[ind] updated

5.3 Static bad pixel mask (BPM)

The NEWFIRM detector arrays have various defects which lshioeimasked or interpolated dur-
ing image reduction. Many of these are illustrated in the NHRM chapter of theNOAO Data
Handbook. They include cracks in the detector substrate, regionsarfdy reduced sensitivity due
to contaminants on the arrays, some portions of the detettiat have de-bonded from the read-
out electronics, pixels with unusually high dark curremmtgets with unusual linearity response, and
some regions with detector damage that “glow” quite brighfhere is no unique way to identify
all bad pixels on the array, since this is a matter of degremveyer, in general it pays to be con-
servative when masking pixels. If you have dithered youeolstions through many independent
positions, then you can safely mask all pixels whose behawight be suspicious. Even quite
“aggressive” masking will generally only flag at most a fewqgaat of the pixels, leading to very
small reduction of net effective exposure time for a ditdemmmbined image, while ensuring that
the bad pixels do not contaminate your final data product.

The headers of NEWFIRM raw generally already include thenkag BPMused to specify a
bad pixel mask. This will have been populated by some valaerdfers to a mask that was used
by the NEWFIRM Quick-Reduced Pipeline at the time the dateewaken. However, this may not
be the best bad pixel mask for your purposes. Som&f i r mpackage tasks include a parameter
that lets you specify a bad pixel mask explicitly; othery i@h the headeBPMkeyword.

The distributed version of thef ext er n package includes a bad pixel mask that is used by the
NEWFIRM science pipeline. This may be satisfactory for nmsposes. Here, we edit the BPM
keywords of our data so that they point to this file. Note tihé& tust be done for each image
extension, pointing to the correct extension of the BPM:

newfirm> hedit n03.*.fits[iml] BPM nfdat$nfbpniiml] ver- up+ show
newfirnm> hedit n03.+.fits[in2] BPM nfdat$nfbpniinm2] ver- up+ show
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newfirnm> hedit n03.+.fits[inB] BPM nfdat$nfbpniinB] ver- up+ show
newfirnm> hedit n03.+.fits[ind] BPM nfdat$nfbpniim] ver- up+ show

5.4 Trimming, bad pixel interpolation, and dark subtraction

We will use the tasknf opr oc as our tool for basic frame-level processing of scienceepj
data. Likenf dpr oc andnf f pr oc, the tasknf opr oc is simply a wrapper script that calls the
basic tasknf pr oc with parameters set to be appropriate for processing orssignce object
exposures. It will only operate on images with header kegM@STYPE = OBJECT.

First, we set thenopr oc parameters to trim the image, interpolate over bad pixedsifpd
by the bad pixel mask given in tHgpmparameter, and to subtract a dark frame specified by the
dar ks parameter. If a list of dark frames is given (as in the exarbplew), the task will choose
the one that has the closest exposure time (from header kdy@ Tl VE) to that of the object
data being processed. However, be careful about this, dsithien intelligence is limited: if you
have used various combinations of exposure times, digieabges, coadds, and Fowler sampling
when taking data, the task may not automatically selectitfe dark. When in doubt, specify the
dark frames explicitly.

PACKAGE = newfirm

TASK = nfoproc
i nput = n03.xfits List of input NEWI RM exposures
(out put = obj _+) List of processed object exposures
(trim = yes) Trinf
(fixpix = yes) Fix bad pixels by interpolation?
(bi ascor= no) Bias reference pixel correction?
(darkcor= yes) Apply dark count calibration?
(lincor = no) Linearity correction?
(flatcor= no) Apply flat field calibration?
(bpm = nf dat $nf bpm) Li st of nasks or expression
(darks = Dark_*) List of dark calibrations
(flats = Flat_=x) List of flat calibrations
(flattyp= on) Type of flat field (on|off|diff)
(list = no) List only?
(logfile= STDOUT, | ogfile) Log files
(rmode = ql)

Runningnf opr oc, we see this log output:

May 19 12: 34 nfoproc

n03. 28057[i mL] [ obj ect][1][J][60.0][]

n03. 28057[inml]: Trim$

trinmsec = [2:2047, 2: 2047]

n03. 28057[i mL] : Fi xpi x $I

$M = nf dat $nf bpn{ i ]

n03. 28057[i ml]: dark calibration = ($I-$D
$D = Dark_60_2[i ml]
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A listing of the partially processed images shows the T, X Bnflags that indicate trimming,
fixpixing, and dark subtraction:

newfirm nflist obj _n03.x.fits

May 19 16:59 nfli st

obj _n03. 28057[i nmL][object][1][J][60.0][ TXD|
obj _n03. 28057[i nR] [obj ect][2][J][60. 0] [ TXD|
obj _n03. 28057[i nB][obj ect][3][J][60.0][ TXD|
obj _n03. 28057[i mi][obj ect][4][J][60. 0] [ TXD|

5.5 Saturation and persistence masks

In §84.3 and 4.4 we discussed the nature of saturation and mgrséstn the NEWFIRM arrays.
Here, we will use thenf nask task to generate a mask for each object image that flags pixels
according to various conditions, including saturation #redpossible presence of persistence. For
good measure, we will also include the ordinary static baelpiin this mask, so that it can serve
many purposes in later processing. The default parametens frask are:

PACKAGE = newfirm

TASK = nf mask
i nput = List of input NEWFIRM fil es
(out put = + mek) List of output mask files
(maskkey= MASK) Keyword to record mask in input (optional)
(bpmval u= 1) Mask val ue for BPM
(obmval u= 2) Mask val ue for OBM
(satval u= 3) Mask value for saturation
(perval u= 4) Mask val ue for persistence
(Il coeffs= paranmeter) Lin coeffs (paraneter|exprdb| keyword|i nmage)
(linl = -6.1230000000000E-6) Linearity coefficient for iml
(lin2 = -7.0370000000000E-6) Linearity coefficient for inR
(lin3 = -5.4040000000000E-6) Linearity coefficient for inB
(lind = -5.9520000000000E-6) Linearity coefficient for im
(1'ini nmag= nf dat $nflincoeffs) List of linearity coefficient imges
(scoeffs= parameter) Sat coeffs (paraneter|exprdb| keyword|i mage)
(sat1 = 10000) Saturation threshold for inl
(sat2 = 10000) Saturation threshold for inR
(sat3 = 10000) Saturation threshold for inB
(sat4 = 10000) Saturation threshold for in4d
(satimag= ) List of saturation inmages
(perwi nd= 5) Persistence wi ndow
(perthre= 0.8) Persistence threshold as fraction of saturation
(bpm = nf dat $nf bpm) Li st of nasks or expression
(obm = (obj mask)) List of object masks or expression
(exprdb = nf dat $expr db. dat) Expressi on dat abase
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(I'ist
(logfile
(rmode

no) List only and show full expressions?
STDOUT, | ogfile) Log files
al)

As described ir§4.3, saturation occurs at different ADU levels dependinghencount rate of
the source and the array readout parameters such as expioseirdigital averages, coadds, and
Fowler sampling. The taskf nask keeps track of this and should flag saturated pixels appro-
priately. The use of a fixed “yes/no” saturation thresholdnsartificial but useful simplification.
nf mask can use a single, constant threshold (set wittstdie keyword) or an image of saturation
values (specified by theat i mage keyword).

To flag pixels that may be affected by persistentiefrask operates at a time series of ex-
posures. No persistence masking will be done if the tasknsorua single image. The images
are sorted chronologically by the time of observation. Fahepixel in an imagenf mask uses
an efficient “running maximum?” algorithm to examine dataues in several preceding images,
the number of which is specified by the paramegier wi ndow (default value = 5). The task
looks for pixels whose value exceeded some ADU thresholdogpiaite for triggering persistence.
This threshold is set to the saturation value (keywsad ) multiplied by a constant specified by
the keywordper t hr esh (with a default value of 0.8). Effectively, when a pixel erds this
threshold in one image, that pixel is flagged @r wi ndowimages temporally “downstream”.

Users may wish to adjust the valuespar t hr esh andper wi ndowdepending on the nature
of their observations. For example, data taken with higtkgeaund levels (e.g., broad bard
imaging) will also have high per-pixel noise per exposunel persistence may quickly fade below
the level where it exceeds the noise level. On the other haardistence may be visible for longer
times, at lower ADU levels, in low-background imaging (eig. the J-band or narrow bands).
per wi ndow might also be adjusted depending on the cadence of the aldtayt if many short
exposures are taken rapidly, it may need to be increasedeased if long exposure times are
used.

When processing a given sequence of NEWFIRM observatiamsware that images from
preceding sequences may also cause detectable persistence. Eightsstar used to calibrate the
telescope pointing, a standard star field, or a focus seguaag all cause persistence which can
then affect subsequent science observations. Ideallyskiould run thenf mask on a series of
all images taken during a given night (or at least any sefiexposures taken without long time
gaps), even if some of those data (e.g., focus sequencesningdests) may not be reduced for
their own value.

We runnf mask on our partially-processed object images and see this butpu

newfirm nfmask obj _n03.x.fits bpnval =1 obnval =0 sat val =3 perval =4

May 19 17: 01 nf mask

obj _n03. 28057[i nmL] [ obj ect][1][J] [ 60. 0] [ TXD]

obj n03.28057[iml]: saturation = %all mask(nfrmask.lin\l,nfnask.sat,0.8,1,2,3,4))
$M = nf dat $nf bpn{ i mL]

$0 = EMPTY

$P = persistence

obj _n03. 28058[i nlL][object][1][J][60.0][ TXD]

obj n03.28058[iml]: saturation = %all mask(nfrmask.lin\Il,nfmask.sat,0.8,1,2,3,4))
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$M = nf dat $nf bpn{ i mL]

$0 = EMPTY
$P = persistence
...etc...

If we now usenl i st for our object images, we see that the processing flags haregeld:

newfirnm> nflist obj n03.?2??2??.fits

May 19 19:51 nfmask

obj _n03.28057[i mL] [ obj ect][1][J][60.0][ TXD, Z]
obj _n03.28057[i n2] [obj ect][2][J][60.0][TXD, Z]
obj _n03.28057[i nB][object][3][J][60.0][TXD, Z]
obj _n03.28057[i mi] [obj ect][4][J][60.0][ TXD, Z]

The mask names have been added to the extension headerseMhSK keyword:

newfi rm> nscsel ect obj _n03.?????2.fits $I, mask
obj n03.28057.fits[iml] obj_n03.28057_nsk[iml]
obj n03.28057.fits[in2] obj _n03.28057_nsk[i n2]
obj n03.28057.fits[inB] obj _n03.28057_nsk[i nBd]
obj n03.28057.fits[ind] obj _n03.28057_nsk[im]
obj n03.28058.fits[iml] obj_n03.28058 nsk[iml]
obj _n03.28058.fits[inm] obj _n03.28058 nsk[inmR]
obj n03.28058.fits[inmd] obj _n03.28058 nsk[i nB]
obj n03.28058.fits[ind] obj n03.28058 nsk[i ]

...etc....

If for some reason you wish to regenerate the masks (e.gagatgthe thresholds, or setting
different mask values), you must first delete M&SK header keywords and reset the processing
flags PROCDONE keyword) toTXD, otherwise you will not be able to rerurf mask on the same
images:
newfirm nmecedit obj _n03.??7???.fits MASK del ete+ ver- up+ show
newfirnm> nscedit obj n03.?????.fits PROCDONE "TXD' ver- up+ show

5.6 Linearity correction and flat fielding

The nature of array nonlinearity in NEWFIRM was discussegir8. This correction consists of
evaluating a function of the observed counts, exposure, tame readout parameters (hnumber of
Fowler reads, digital averages, coadds, and exposure éisn@function of position. The function
also depends on controller and array coefficients. For gdityethe linearity correction is evaluated
using a general expression evaluator. The complex expressiefined in an text file called the
expression database. The expression evaluator is pant gfi¢hgenerahf pr oc task. A simpler
interface is provided by the taskf | i neari ze. The expression database provided with the
software is indicated by the defaelk pr db parameter for these tasks. The file is distributed with
the software, and is located in thé dat $ directory amf dat $expr db. dat

To allow user tuning and updates the linearity coefficieray tve specified in various ways. The
coef f s parameter allows global coefficients for each array to beifipd by task parameters, in
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the expression database, and in header keywords. Ratimea tjlabal value the coefficients may

also be individually specified for each pixel using a coefiitiimage. The recommended values
for the global coefficients as well as coefficient images aowiged with the package as of the

time of the package release. Updates to these will be postbeé NEWFIRM web sites.

newfirnm> nfoproc @ist.n03.J1 output="f+" trim fixpix- biascor- darkcor- lincor+ flatcor+
May 19 18: 03 nfoproc

obj _n03.28057[i ml] [object][1][J][60.0][ TXD, Z]

obj _n03.28057[inl]: linearity correction = %lin($L))
$L = nfdat$nflincoeffs[iml]

obj n03.28057[inml]: flat calibration = $I/max(0.1, $F)
$F = Flat_Jdiffnornfintl]

obj _n03.28057[i n2] [object][2][J][60.0][TXD, Z]

obj _n03.28057[inR2]: linearity correction = %lin($L))
$L = nfdat $nflincoeffs[in?]

obj n03.28057[inR]: flat calibration = $I/max(0.1, $F)
$F = Flat_Jdi ffnornfing]

obj _n03.28057[i nB][object][3][J][60.0][TXD, Z]

obj _n03.28057[inB]: linearity correction = %lin($L))
$L = nfdat $nflincoeffs[inB]

obj n03.28057[inB]: flat calibration = $I/max(0.1, $F)
$F = Flat _Jdi ffnornfinB]

obj _n03.28057[i m4] [ obj ect][4][J][60.0][TXD, Z]

obj _n03.28057[im4]: linearity correction = %lin($L))
$L = nfdat $nflincoeffs[inm]

obj n03.28057[imd]: flat calibration = $I/max(0.1, $F)
$F = Flat_Jdiffnornfim]

...etc....
We can now see that linearization)(and flat fielding F) have been added to the processing flags
for our data:

newfirm nflist fobj n03.28«fits

May 20 11:10 nfli st

fobj _n03. 28057[i ml] [ obj ect][1][J][60. 0] [ TXD, Z, LF]
fobj _n03. 28057[i n2] [ obj ect][2][J][60. 0] [ TXD, Z, LF]
f obj _n03. 28057[i nB] [ obj ect][3][J][60. 0] [ TXD, Z, LF]
f obj _n03. 28057[i m4] [ obj ect][4][J][60. 0] [ TXD, Z, LF]
fobj _n03. 28058[i ml] [ obj ect][1][J][60. 0] [ TXD, Z, LF]
fobj _n03. 28058[ i n2] [ obj ect][2][J][60. 0] [ TXD, Z, LF]
fobj _n03. 28058[i nB] [ obj ect] [3][J][60. 0] [ TXD, Z, LF]
f obj _n03. 28058[i m4] [ obj ect][4][J][60. 0] [ TXD, Z, LF]

...etc...

5.7 Sky Subtraction

There are many different approaches to sky subtraction dar-mfrared data. As discussed in
64.7, the choice may depend on the nature of the target beisgredd, as well as the observing
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strategy that was adopted. Observations of large, extetattgdts that fill a significant portion
of the field of view, or of crowded fields, may require choppindoffset” fields to measure and
remove the sky background. When imaging relatively spaedesiit is often possible to construct
sky images from the dithered science data themselves.

Here, we discuss only one example of NEWFIRM sky subtracti@mely that of “running
median” sky subtraction for dithered imaging in sparse $icldowever, thef skysub task (and
the underlyingnf pr oc tool) enable considerable flexibility in defining sky sulstran operations
for other types of data sets. Future versions of i#&a Reduction Guide will discuss other
examples in more detail.

Once againnf skysub is a script that callsf pr oc with a restricted set of parameters re-
lated to sky subtraction. For our example of “running metlgky subtraction, we might set the
parameters as follows:

PACKAGE = newfirm

TASK = nf skysub
i nput = @.ist.fobj List of input images
(out put = +_ss) List of output images
(outtype= i mge) CQutput type (inage|list]|<keyword>)
(skies = ) List of skies (enpty to use input)
(skymat c= ) Mat ch bool ean expression
(skynmode= nmedi an 9 1) Sky subtraction node
(stype = ) Sky sel ection expression (bool ean)
(obm = ) Input mask or keyword reference
(logfile= STDQUT, l ogfile) List of output logfiles
(fd = )
(nmode = ql)

The default syntax for theut put parameter appends the suffixs to the input filename. The
parameteout t ype = i mage tells the task to actually produce sky subtracted outpugesaas
opposed to just a listing of the operations, or (optionaitygncode the sky subtraction operation
syntax in a header keyword.

Theski es parameter can be used to specify a list of images that willdeel to construct the
sky background for thenput images. Ifski es is left blank, then thé nput list itself is used,
as for our example here of sky subtraction for a ditheredsepfeld. Ifskymat ch is specified,
it can be a logical expression that is used to evaluate wiigtges from thaki es list are used
to construct the background correction for easiput image. For example, one might define
functions that set a minimum (or maximum) pointing separatietween theé nput image and
the images from theki es list that will be used to construct the background. €ki es may be
used to test header keywords that indicate which imagesartatget” and which are “offset sky”
observations. For the present example, we will not uss kiees or skymat ch parameters.

When the sky images are constructed fromith@ut list instead, thest ype parameter plays
a similar role to that o§kymat ch for theski es list. Here, however, we leave it blank, meaning
that all images from thenput list are potentially available to use for sky subtractiomtélthat in
all circumstances, the particulanput image being processed at any given time is automatically
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excluded from whatever set of images is used to construct the sky waakg. This avoids any
issues with auto-subtraction of the science data.

Theskynode parameter defines the algorithm that will be used to conisthecsky from the
list of potential images (in this example, thaput list). The list of images is sorted according
to a parameter specified by thé pr oc. sort val parameter, which defaults to the time of the
observation YU D- OBS header keyword). Foskynode = before, after, or nearest,
the task performs a simple pair-wise difference, subitngctine image before, after, or closest in
MID- OBSto thei nput image.

Insteadskynode = medi an constructs the sky from the median of images from thput
(orski es) lists. If no other parameters are specified, then all imagesised (always excluding
the image being processed, if the the sky images are takentfrei nput list). There are two
optional parametergredi an [ <N> [ <AVG>] ] (e.g.,skynpde = "nedian 9 1" inour
example above)N gives the number of images in the “running median” windowetally, for a
given image from the nput list, the chronologically sorted list of potential sky inmesgis con-
sidered. The first image that is used ist ( N/ 2) before the image being processed, followed by
N- 1 more images. Thenput image being processed is always excluded, so that if thesdbg-i
ing constructed from thienput list, then the median is actually computed frokhl images. E.g.,
forskynode = "nedi an 9", the sky is the median af4 images images before and after the
observation being processed, excluding that image itBlgér the start or end of thenput list,
the running median window necessarily becomes asymmaetiimd the image being processed
in order to keep the window size equallolf there are fewer thaN images, all are used (again
always excluding the image being processed). The secomhapparameteAVG indicates the
number of data values around the median to be averaged whgputiong the sky value for each
pixel. If AVG = 1, then this is a simple median; for larg&¥G, more values are averaged, up
to AVG = N, where all data values are used and averaged. If the actoderuof images used
for the running median is even (as in our example, where wstoact the sky from thé nput
list with skynode = "medi an 9 1", such that 8 images are actually used to compute the
median), then the value &VGis rounded up to an even number to keep the median calculation
symmetric - i.e., in this case, the central 2 values from theesd list of 8 will be averaged.

Theobmparameter is used to provide a list of masks (or a pointer &krfie names) that may
be used to exclude pixels when constructing the sky imageseXample, the user may wish to
mask objects in the images explicitly, or latent images fpyavious exposures, so that they do not
bias values of the sky image. For our current example, wel@alle theobmparameter blank for
now, but return to it later when we discuss “second pass” skyraction, where we will include
object and persistence masking.

5.8 Further adjustment to the sky subtraction

Experience has shown that “running median” sky subtraaggomoves the background from well-
dithered broad band data quite accurately. However, snifaktts and gradients often remain,
and are typically different from quadrant to quadrant. le éest,nf skysub was run on a long
series of 60 second-band exposures taken in photometric conditions. Low-opaddynomial
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surfaces were fit to the sky residuals in each quadrant. Tikeameeak-to-peak amplitude of these
gradients was found to be about 0.3%. However, the offsetshght gradients were distinctly
noticeable over the wide NEWFIRM field of view, and it is imtet to remove these before
re-projecting and stacking the images.

The tasknf del t asky is designed to measure and remove residual sky offsets adokgts. It
is a script that in turn calls thesct ool s tasknscskysub, which may be familiar to MOSAIC
observers from thescr ed packagenscskysub fits a polynomial surface to an image, typically
after using a large-scale spatial median filtering to mimerthe effects of objects on the fitting.
The parameters are:

newfirnm> | par nfdeltasky

inlist = I nput i mage(s)
outlist = Qut put i mage(s)
(xorder = 2) Order of mscskysub function in x
(yorder = 2) Order of mscskysub function in X
(function = "l egendre") Function to be fit (I egendre, chebyshev, spline3)
(cross_terns = yes) I ncl ude cross-terms for polynom al s?
(xmedi an = 100) X length of nedian box
(ynedi an = 100) Y I ength of nedian box
(nmedi an_perce = 50) M ni mum fraction of pixels in nedian box
(1 oner = | NDEF) Lower limt for residuals
(upper = | NDEF) Upper linmt for residuals
(ngrow = 0) Radi us of region growing circle
(niter = 0) Maxi mum nunber of rejection cycles
(regions = "mask") CGood regions (all,rows, col unms, border, sections,circle,invci
(rows = "=*") Rows to be fit
(colums = "=*") Columms to be fit
(border = 50) W dth of border to be fit
(sections = "") File name for sections list
(circle ="") Circle specifications
(mask = "BPM') Mask
(div_mn = | NDEF) Di vision mninum for response out put
(inimglist ="")
(outinglist ="")
(mode = "gl ™)

The parameter egi ons can be used to define regions where pixels are used or excitaad
the surface fitting. Among the various optiom&gi ons = mask is particularly useful, as it
allows the user to specify a mask (with thresk parameter) that defines which pixels are fit. The
defaultrask = BPMreads the name of the mask from the header keywdd This makes it
easy to exclude regular, static bad pixel regions from tise filowever, more elaborate masks
could be created and used to exclude pixels associated bjtlete from the fitting. For sparse—
field imaging, you can generally leamask = BPMand rely on the median filtering (redi an,
ymedi an, andnedi an_per cent parameters) to minimize the impact of objects on the surface
fitting.

Experience so far suggests thair der = yorder = 2 or 3 generally does a quite ade-
guate job of removing residual backgrounds in broad-band. daonstant offsets (i.exor der
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= yorder = 1) are generally not sufficient.

nf del t asky does not (yet) use the new prefix and suffix syntax for outpetrfdmes that
many othemewf i r mpackage tasks can use, so you must specify the input andtdikplists
explicitly or with IRAF filename substring substitutionge.

newfirnm> nfdeltasky fobj* ss.fits fobj*x %s¥%sl%fits verbose+

nf del t asky fobj _n03.28060_ss.fits[iml] fobj_n03.28060_ssi1.fits[iml]
nf del t asky fobj _n03.28060_ss.fits[in2] fobj_n03.28060_ssi1.fits[in]
nf del t asky fobj _n03.28060_ss.fits[inB] fobj_n03.28060_ssi1.fits[inBd]
nf del t asky fobj _n03.28060 ss.fits[im] fobj n03.28060 ssi1.fits[imd]
nf del t asky fobj _n03.28061 ss.fits[iml] fobj n03.28061 ssi1.fits[iml]
nf del t asky fobj _n03.28061 ss.fits[in2] fobj n03.28061 ssil.fits[ing]
nf del t asky fobj _n03.28061 ss.fits[inB] fobj_n03.28061 ssi1.fits[inBd]
nf del t asky fobj _n03.28061 ss.fits[inmd] fobj_n03.28061 ssi1.fits[im]

...efc...

5.9 Astrometric Calibration

The next several steps (astrometric calibration, re-ptige, and stacking) are common to the
reduction of imaging data from any mosaic camera. The proresdor NEWFIRM are essentially

the same as those for MOSAIC, and which will be familiar to MX)S observers who have used
thenmscr ed package.

Astrometric calibration consists of matching sources adkposure to a reference catalog and
fitting a world coordinate system (WCS) transformation tumtbetween the pixel coordinates in
the images and the reference celestial coordinates. The i/&8red in the extensions headers,
one for each array.

NEWFIRM data has an initial WCS provided by the data acgoisisystem. This is an impor-
tant component of the raw data because it simplifies identfthe reference sources. The WCS
is based on a calibration made at an earlier time in a goodrastric field. At the telescope this
prior calibration is added to the headers with the tangeimt @@t to the coordinates provided by
the telescope control system.

For the purpose of an initial WCS it is assumed that the distos in and the relative orientation
of the arrays do not change with position on the sky relativéducial point in the field, called
the tangent point. What does change is celestial coordofatge tangent point (defined by the
telescope control system or TCS), a rotation of the cameseyal scale change when the initial
WCS was derived from a different wavelength and/or filteq agfraction. NEWFIRM is used
with a fixed orientation on the sky so rotation is only a smaibant from the remounting of the
instrument. As an infra-red camera refraction effects &e small. The telescope pointing error
is the main effect that has to be determined by the calibratigorithm. Once this is determined
the source matching is straightforward and the other effast calibrated by fitting an improved
WCS.

That task used to perform the astrometric calibrationfigxcs. The algorithms are described
in the help page for that task and in the supporting ts&mat ch. The task generates catalogs
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of image sources and reference sources, matches the fartier latter, and uses this information
to derive a new WCS solution. The catalogs may be run in aigahfashion or saved for use as
overlays or for other purposes.

The default parameters foff wes are:

PACKAGE = newfirm
TASK = nfwcs
i nput = Li st of NEWFI RM exposures
(sky = ) Optional sky exposure
(outroot= ) Qutput rootnanme (+=i nput rootnane)
(coords = Inftwormass $I $C) Astronetric reference catal og
(cdef = cl,c2,c3) Ref fields for ra, dec, and mag
(search = 300.) Search radius (arcsec)
(raof fse= 0.) RA offset (arcsec)
(decof fs= 0.) DEC of fset (arcsec)
(ngrid = 100) Refit grid
(reset = no) Reset offsets between input?
(logfile= ) Logfile
(verbose= yes) Verbose?
(fd = )
(rmode = ql)

In our example here, we will run this on images that have dirdseen sky-subtracted, but one
might also choose to subtract a sky image specified bysthe parameter. The task uses the
cataloging packagace to generate a list of sources detected in the NEWFIRM image.

The astrometric reference source catalog can be produsedaus ways, have several formats,
and may contain more fields than are used. The simplest aadltefference catalog is a text file
with right ascension (RA) in hours, declination (DEC) in degs and one or more magnitudes
(MAG). Thenf wcs parametecoor ds defines the reference catalog. It can specify a particular
file, or a task that is run to produce the reference catalogéoh exposure based on its initial
WCS. Typically this automated method is used, at least ferfitst time the task is run. For
NEWFIRM, the default is to run the taskf t womass, which is a script that in turn calls the
IRAF taskget cat al og to retrieve coordinates and magnitudes from the 2MASS aguasing
a web service hosted at NOAO.

The task starts with a small matching radius between the NIRMFand 2MASS catalogs,
and increases this up to a maximum specified bysthar ch parameter (300 arcsec by default).
Typically, the offset between the TCS coordinates and theshpointing will be similar from one
exposure to the next over a significant stretch of time, ighin a given dither sequence. When
nf wcs is run on an image, it records the offsets in the parameteod f set anddecof f set .

If these are notreset €set = no), then they are applied the next time the task is run on anothe
image, which can speed the searching/matching process.

Magnitude information from the 2MASS catalog may also bedusederive an approximate
photometric zeropoint for an image. This is done quite sistiphlly by comparing the NEWFIRM
instrumental magnitudes for sources from #ee catalog to one of the magnitudes from the
2MASS catalog, without applying any color terms or other transfations. The third column
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specified in theedef keyword tells which2 MASS magnitude to use. You should set thisct®
for J, c4 for H, orc5 for K. The zeropoint derived for each image extension is writtéo ihe
MAGZEROextension header keyword.

Here, we show a portion of the output that is generated whammgnf wcs with its default pa-
rameters on an image, illustrating the way in which it mascP®ASS sources to objects detected
in the NEWFIRM image, updates the world coordinate solytemd computes an approximate
magnitude zeropoint:

newfirm nfwes fobj _n03.28070.fits
nft womass n03. 28070 nfwes7791bc_coords. t xt sear ch=300.
fobj n03.28070_ssl1[iml]: nfwes7791bc_cat.fits[ind]
fobj n03.28070_ssl1[inm2]: nfwes7791bc_cat.fits[inR]
fobj _n03.28070_ss1[inmB]: nfwes7791bc_cat.fits[inB]
fobj n03.28070_ss1[imd]: nfwes7791bc_cat.fits[ind]
ACEMATCH: NOAQ | RAF V2. 14EXPORT med@lappcj 43. extra. cea. fr Mon 14:32: 04 25- May- 2009
mat ch nfwes7791bc_cat.fits[iml] and nfwes7791bc_coords. t xt
mat ch nfwes7791bc_cat.fits[inm2] and nfwes7791bc_coords. t xt
mat ch nfwes7791bc_cat.fits[imB] and nfwes7791bc_coords. t xt
mat ch nfwes7791bc_cat.fits[im] and nfwes7791bc_coords. t xt
Search 15. 814 arcsec ..
Search 31. 628 arcsec ..
Search 47.442 arcsec ..
mat ched 54 out of 357 detections and 54 references
mat ched 65 out of 145 detections and 66 references
mat ched 46 out of 136 detections and 46 references
mat ched 65 out of 167 detections and 65 references
total matched 230 out of 805 detections and 231 references
ra shift is -36.11 arcsec
dec shift is 15.91 arcsec
rotation is 0.00 deg
tangent point is 14:20:15.89 53:00:17.6
find nmagni tude zeropoint
nfwes7791bc_cat.fits[iml]: nagzero
nfwes7791bc_cat.fits[inR]: nagzero
nfwes7791bc_cat.fits[inmB]: nagzero
nfwes7791bc_cat.fits[imi]: nagzero
magzero = 26.789 +- 0.011
wite nfwes7791bc_ntat.fits[ind]
wite nfwes7791bc_ntat.fits[inR]
wite nfwes7791bc_ntat.fits[inB]
wite nfwes7791bc_ntat.fits[ind]

26.640 +- 0.050
26.817 +- 0.021
26.802 +- 0.017
26.836 +- 0.017

When usingnf wes to derive a new astrometric solution, the main failure madedt being
able to determine the TCS offset because it is too large. Tsietfiing you might try is using a
larger search radius. This will make the task work hardershioder but this may only be needed
for one exposure after which the offsets will apply to suluseq exposures.

If this fails you can use the reference coordinate file, salvgdu specified arout r oot pa-
rameter value, with the tasksczer o to interactively determine the offset. Be sure to not apply
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the offset when quiting the task. Instead put the offsets ihé parametensf wes. r aof f set
andnf wcs. decof f set .

Another common failure occurs when an exposure has few oretected sources because
of clouds. The only sensible solution in this case is to edelthese exposures as unusable. But
identifying these and excluding may be more trouble thapbitetting the astrometric calibration
fail. This is fine though you would likely want to display tleow/hich failed to check that this is
why the calibration failed.

5.10 Re-projection

With an accurate WCS now encoded in our images, and the baakdraccurately subtracted,
we now project each MEF image onto an undistorted celestment plane, combining the four
extensions into a single image. For all images that we interstiack together, We wish to project
all overlapping images onto a common pixel grid, with the saangent point, pixel scale and
orientation, in order to make it simple to coadd them into mbmed stack.

We use thersct ool s tasknsci mage, which is essentially identical to that which may be
familiar to MOSAIC observers from thescr ed package. There are many parameters, and you
should consult thersci mage help pages for a detailed explanation. Here is one example of
nseci mage parameters that we will use for our example:

PACKAGE = msctool s
TASK = nscCi nage
i nput = Li st of input nobsaic exposures
out put = Li st of output inages
(format = i mge) CQutput format (inmage| mef)
(pi xmask= yes) Create pixel mask?
(ver bose= yes) Verbose out put ?
# Qut put WCS paraneters
(wecssour = par armet ers) CQut put WCS source (inmage| paraneters| match)
(referen= ) Reference imge
(ra = 14. 34) RA of tangent point (hours)
(dec = 53. 00) DEC of tangent point (degrees)
(scale = 0.4) Scal e (arcsec/ pixel)
(rotatio= 0.0) Rotation of DEC from N to E (degrees)
# Resanpling parneters
(blank = 0.) Blank val ue
(i nterpo= linear) Interpolant for data
(mnterp= linear) Interpolant for mask
(boundar = refl ect) Boundary extension
(const an= 0.) Constant boundary extension val ue
(fluxcon= no) Preserve flux per unit area?
(ntrim = 0) Edge trimin each extension
(nxbl ock= I NDEF) X di nensi on of working bl ock size in pixels
(nybl ock= I NDEF) Y di nensi on of working block size in pixels
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# Ceonetric mappi ng paraneters

(interac= no) Fit mapping interactively?
(nx = 10) Nunmber of x grid points
(ny = 20) Nunber of y grid points
(fitgeonr general) Fitting geonetry

(xxorder= 4) Order of x fit in x
(xyorder= 4) Order of x fit iny
(xxterms= half) X fit cross terns type
(yxorder= 4) Order of y fit in x
(yyorder= 4) Order of y fit iny
(yxternms= half) Y fit cross terns type
The parametef or mat = i mage specifies that we will stitch the four NEWFIRM extensions

together into a single (non-MEF) image. By settpigcmask = yes, we re-project not only the
science images, but also their bad pixel masks, specifieddigadeBPMkeyword. The output
masks have the root names of the input images, with the sbffimmappended, and will be inpl
format® The output masks will be used to identify bad pixels from tiauit BPMs, as well as the
gaps between the detectors and any regions beyond theatdieandaries. The parametdrr i m
may be used to trim extra pixels around the image boundafiese we have sky-subtracted our
data, and because the bad pixel masks should include anggiatis near the detector edges, then
we may probably leavet ri m = 0.

We may specify the output WCS parameters (specifically,ahgdnt point, pixel scale and im-
age orientation) in a number of ways, depending omit®sour ce parameter. Foncssour ce
= i mage, an image (specified by threef er ence parameter) is used to define the output WCS.
If ref er ence is left blank, the first image from thenput list is used. The tangent point,
scale and orientation may also be specified explicitly with parametersa, dec, scal e and
rotation.

The next group of parameters controls the interpolationwik most IRAF tasks, there are
many choices for interpolation functions. Higher orderduons likespl i ne3 or si nc will
better preserve the image noise properties, but may becubjenging from sharp features such
as bad pixel artifacts. This is one important reason why vpeclly interpolate or “fixpix” over
bad pixels early in the processing, even if we later plan &the bad pixel masks to exclude them
in the stacking. The help pages foeci mage give a detailed discussion about the interpolation
options and how to choose them.

The parametef | uxconser ve should be set tmo here, for reasons discussedsf6. Our
images have been flat fielded to constant surface bright4sen we re-project, we wish to
preserve this, and the reprojected images will now havetaohgixel solid angle and thus a
uniform flux scaling over the whole field of view.

With the task parameters set as shown above, wesan mage:

newfirnm> neci mage @.ist.fobj _ssl1 r//@.ist.fobj _ssl
WCS reference image is fobj_n03.28060 ss1.fits[iml]

8The msci mage task has not yet been written to take advantage of the FIT8psulated compressed mask
format used by some othaewf i r mtasks.
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Qut put WCS paraneters:

RA=14: 20: 24. 00, DEC=53:00: 00. 0, SCALE=0.4 arcsec/ pi xel, ROTATI ON=0. degrees
Resanmpl i ng fobj _n03. 28060 ss1.fits[iml]
Resampl i ng fobj _n03. 28060 ss1.fits[ink]
Resanpl i ng fobj _n03.28060 ssl1.fits[inB]
Resanpl i ng fobj _n03.28060 ssl1.fits[im] .
Creating inage rfobj n03.28060 ssl.fits ..
Resanpl i ng fobj _n03.28061 ss1.fits[iml]
Resanpl i ng fobj _n03.28061 ss1.fits[in?]
Resanpl i ng fobj _n03.28061 ss1.fits[inB]
Resanpl i ng fobj n03.28061 ssl1.fits[im] .
Creating inage rfobj n03.28061 ssl.fits ..

...etc...
This will create the re-sampled images as well as the re-kghinpad pixel maps.

newfirnm> files rfobj *sslx
rfobj n03.28060 ssl.fits
rfobj n03.28060_ssl1 bpm pl
rfobj n03.28061_ssl.fits
rfobj _n03.28061_ss1 bpmp
rfobj n03.28062 ssl.fits
rfobj n03.28062_ssl1 bpm pl

The new bad pixel map filenames are stored inBRMheader keyword of the re-sampled images.

5.11 Stacking

We now combine our reprojected images into a stack, usingrifieary IRAFi nconbi ne task.
Mosti ntonbi ne parameters are familiar to habitual IRAF users, and you noagult the help
pages for details.

There are several important topics which are common to tthécteon of any imaging data and
which we will not discuss in detail in this edition of ti¢EWFIRM Data Reduction Guide. These
include:

¢ Identification and exclusion of bad images from the stack

¢ Rejection of pixel outliers, such as cosmic rays, unmaskezl gefects, satellite and asteroid
trails, etc.

¢ Intensity rescaling, e.g., for photometric transparerayations

e Weighting based on data quality parameters to optimize igpeakto-noise of the stacked
images

Identification and exclusion of bad images from the stack:Some images are better than
others. In particular, data taken in poor weather conditican have highly variable quality as the
sky brightness, transparency, and seeing vary. Infraredidgarticular tend to suffer badly under
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moderately cloudy conditions: the sky subtraction can bexquite poor and non-uniform, and
artifacts may become prominent. You may want to screen yata darefully and eliminate bad
data from the stacks.

Rejection of pixel outliers: If your bad pixel mask is good, you will exclude most of thdista
detector defects, but images are also subject to transigfaticés such as cosmic rays, satellite
and asteroid trails, etc. There are many different stragefgir removing these, including sigma-
clipping or other rejection schemes during image combomator spatial filtering (e.g., to reject
sharp features such as cosmic rays). We will not discus® these; your choice may depend
on the nature of your targets, your science goals, etc. Th& NRM Science Pipeline uses a
combination of several different strategies for outligecéion in a multi-stage process. We hope
to describe this process in some detail in a future versiahiefGuide, and show how it may be
implemented using IRAF tasks.

Intensity rescaling for transparency variations: If observing conditions were not photomet-
ric, then you may need to multiplicatively adjust the fluxisagof images before combining them
into a stack, in order to ensure photometric uniformity oWer image mosaic. In addition, you
may wish to adjust the photometric zeropoint scaling of eaictihe four NEWFIRM detectors.
In principle, the flat-fielding procedure describedh?2 should have taken out the mean response
differences between the different arrays, putting thero tm¢ same photometric scale. In practice,
however, small differences may remain. The NEWFIRM Scidpipeline measures photometry
for 2MASS stars in each image to set the photometric zeropand thus could be done for each
guadrant as well. Care must be taken to avoid using starsatbaaturated or where photometry
may be contaminated by bad pixels or other defects. Theaainrand bad pixel masks discussed
in §5.5 can be useful for this purpose. Théwcs task (se€5.9) makes a rough estimate of
MAGZERO for each image extension based on 2MASS stars, but you madytwido this more
carefully before combining your data. If you measure vaia in the zeropoints from image to
image, these can then be applied usingitheonbi ne parametescal e.

Weighting during image combination: You may also wish to weight your images based on
the data quality in order to optimize the signal-to-noisioraf the stacked image. This can be
particularly important if observing conditions (such aangparency, sky brightness or seeing)
were highly variable. There is no unique recipe for optimealghting images, although different
algorithms may be defined based on the science goals of tgegmno Tha ntonbi ne parameter
wei ght provides a straightforward way to apply weights to imagesmtombining them.

The images that we re-sampled§s.10 should all have been projected onto the same world
coordinate grid so that their pixels should line up moduteger shifts that specify the axis ori-
entations and pixel scales. The image si&Xl S1, NAXI S2 may be different, and the pixel
position of the tangent poinCRPI X1, CRPI X2, will generally be different for each image,
although they should all be offset from one another by imtegeounts. This can be accom-
plished easily in nconbi ne using the parametasf f sets = wcs. Here is an example of
i nrcombi ne parameters set for making a simple median of a list of reptegeimages, using
their associated bad pixel maps with no other rejectiorirggar weighting:

%l.e., the reprojected images have the same tangent GBMAL 1, 2 and the same CD-matrix header keywords
CD1.1,CD12,CD21,CD22
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PACKAGE = i nmat ch

TASK = i nconbi ne
i nput = @ist.rfobj.29 List of inmages to conbine
out put = Stackl List of output inages
(headers= ) List of header files (optional)
(bpmasks= ) List of bad pixel nmasks (optional)
(rej mask= ) List of rejection masks (optional)
(nrej mas= ) List of nunber rejected masks (optional)
(expmask= Stackl _exp) List of exposure masks (optional)
(sigmas = ) List of signmm i mages (optional)
(imcmb = $l) Keyword for | MCMB keywor ds
(logfile= STDOUT) Log file
(combi ne= medi an) Type of conbi ne operation
(reject = none) Type of rejection
(project= no) Project highest di nension of input inmages?
(outtype= real) Qutput inmage pixel datatype
(outlim= ) Qutput limts (x1 x2 y1l y2 ...)
(of fsets= wes) | nput image offsets
(maskt yp= goodval ue) Mask type
(maskval = 0) Mask val ue
(blank = 0.) Value if there are no pixels
(scale = none) | mge scaling
(zero = none) | mge zero point offset
(wei ght = none) | mge wei ghts
(statsec= ) I mage section for conputing statistics
(expname= ) I mage header exposure tine keyword
(Ithresh= | NDEF) Lower threshold
(hthresh= I NDEF) Upper threshold
(nlow = 1) m nmax: Nunber of |ow pixels to reject
(nhigh = 1) m nmax: Nunmber of high pixels to reject
(nkeep = 1) Mnimumto keep (pos) or nmaximumto reject (neg)
(rmclip = yes) Use nedian in sigma clipping al gorithns?
(Isigm = 3.) Lower sigma clipping factor
(hsigna = 3.) Upper sigma clipping factor
(rdnoi se= 0.) ccdclip: CCD readout noise (el ectrons)
(gain = 1.) ccdclip: CCD gain (el ectrons/DN)
(snoi se = 0.) ccdclip: Sensitivity noise (fraction)
(sigscal = 0.1) Tolerance for sigma clipping scaling corrections
(pclip = -0.5) pclip: Percentile clipping paraneter
(grow = 0.) Radius (pixels) for neighbor rejection
(node = ql)

The parametermaskt ype = goodval ue andnmaskval ue = 0 tellsi nconbi ne to use
the reprojected bad pixel masks that are identified byBRBI header keywords in the images
from thei nput list, and to only combine data from pixels with BPM mask valwé 0. Other
options (e.g., masking based on bit values) are describelein nrconbi ne help pages. If

42



NEWFIRM Data Reduction Guide PLO17

you have a different mask that you want to use instead, youpcarts name into a different
header keyword, and then specify that keyword name eXplestmaskt ype = ! <keywor d>
[ goodval ue| badval ue| noval ue| goodbi t s| badbi t s] .

In addition to ourout put image, we also create an exposure map specified bgxpeask
parameter. This will be @l format mask with integer values that represent the expasue
in seconds for each pixel in the stacked image, based on tinderuof (unmasked) images that
contribute to each pixel and their summed exposure times(theEXPTI ME header keywords
of thei nput images).

Runningi nconbi ne with verbose output, we see the list of images and masks thatszd,
and the integer pixel offsets that are applied:

ecl > i nconmbi ne @i st.rfobj.29 Stackl expmask=Stackl_exp

Jun 1 9:24: | MCOVBI NE
conbi ne = nedi an, scal e = none,
bl ank = 0.
masktype =

zero = none, wei ght = none

maskval = 0
O fsets Maskfile

goodval ,
| mages

r f obj _n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
r f obj _n03.
rf obj n03.
rf obj n03.
r f obj _n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.

Qut put

28058_ss3.
28059 ss3.
28060_ss3.
28061 _ss3.
28062_ss3.
28063_ss3.
28064 _ss3.
28065_ss3.
28066_ss3.
28067 _ss3.
28068_ss3.
28069_ss3.
28070_ss3.
28071_ss3.
28072_ss3.
28073 _ss3.
28074_ss3.
28075_ss3.
28076_ss3.
28077 _ss3.
28078 _ss3.
28079_ss3.
28080_ss3.
28081_ss3.
28082_ss3.
28083_ss3.
28084 _ss3.
28085_ss3.
28086_ss3.

i mage = Stackl,

fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits
fits

70
42
367
217
131
270
194
0
26
116
369
333
230
140
292
277
280
230
3

2
101
151
99
98
326
234
263
168
18

nconbi ne

319
15
314
216
125
360
19
121
254
361
110
268
194
262
344
120
223
4
68
232
367
121
0
236
81
211
325
267
322

r f obj _n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.
rfobj n03.
rfobj n03.
rfobj n03.
r f obj _n03.
r f obj _n03.

116

28058 _ss3_bpm
28059 _ss3_bpm
28060_ss3_bpm
28061 ss3 bpm
28062 _ss3 _bpm
28063 _ss3 _bpm
28064_ss3_bpm
28065_ss3_bpm
28066 _ss3 bpm
28067_ss3_bpm
28068 ss3 bpm
28069 _ss3_bpm
28070_ss3_bpm
28071 _ss3_bpm
28072_ss3_bpm
28073 _ss3 _bpm
28074_ss3_bpm
28075_ss3_bpm
28076_ss3_bpm
28077_ss3_bpm
28078 ss3 _bpm
28079 _ss3 _bpm
28080_ss3_bpm
28081 _ss3_bpm
28082 _ss3 bpm
28083 _ss3 bpm
28084 _ss3 bpm
28085_ss3_bpm
28086_ss3_bpm
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Exposure mask = Stackl exp. pl

Note that the output log indicatesi¢onbi ne = 116" (and this will also be recorded in the
header keywordNCOVBI NE in the stacked image), even though in this example 29 images w
actually provided in the input list. This is because eachajegted image produced s ci mage
hadNCOMBI NE = 4, reflecting the fact that the four image extensions (i.e ftur NEWFIRM
arrays) were combined into a single outputimage, leadidg«®9 = 116 for the finaINCOVBI NE
value. This is generally harmless, but we note it here tocapossible confusion.

The exposure map that is produced mconbi ne is in the pixel list mask formaSt ack1 _exp. pl ).
Although not necessary, it may be convenient later to havekrttas encapsulated as a FITS file
(e.g., making it possible to display it from the command imes9):

ecl > i ncopy Stackl exp.pl Stackl exp.fits[extnane\=pl,type\=mask] ver+
Stackl exp.pl -> Stackl_exp.fits[extnanme=pl,type=nask]

If you are not rescaling images¢al e parameter), and if all images from thaput list had
the sameEXPTI ME (as is typical for NEWFIRM observing sequences), then frown point of
view of the photometric scaling, the effective exposureetmhthe stacked image will be the same
as to that of the input images, although #wtual exposure time varies from place to place over
the dithered mosaic stack, as reflected bydk@mask. The EXPTI ME in the stacked image
header should be the same as that from the images inrtpat list. You may wish to rescale
your stacked image to some fiducial exposure time like 1 sebyrdividing by the original per-
imageEXPTI ME. NEWFIRM Science Pipeline data products are rescaled t\agdties of ADU
per second.

5.12 Second—pass processing

The “running median” approach to sky subtraction that weluis€5.7 may still be affected by the
presence of objects in the science images that were usedstrect the sky frames. Although the
median is more robust against outlying pixel values thaseg, the average, the presence of objects
can still bias the median values in the sky images. This cath fe “mottling” in the background
of sky-subtracted images, and sometimes to subtle nedatiaelows” around objects, depending
on the nature of the dithering pattern that was used for tsemations.

For careful data reduction, we wish to mask objects from iesaghen constructing the sky
frames. This can be done in a number of ways. Relatively brdfjects can be detected in
individual exposures, and we could generate masks anddsxthiem during the first pass of sky
subtraction. Here, we take advantage of the fact that we hawecreated a deeper first-pass
mosaic §5.11) from our dithered images, and we use this to detectctsbje fainter isophotal
levels than would be possible in the individual exposuresr dst-pass mosaic should also be
quite clean of image artifacts, thanks to the bad pixel nragskind the use of median combination
in the first-pass stacking.

Our second—pass processing will consist of several steps:

1. Make an object mask from the first-pass stack
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2. De-project the object mask to the pixel frame of the oagimages
3. Rerun sky subtraction, masking sources when constgusky frames

4. Rerun the WCS calibration, re-projection and stacking.

5.12.1 Making an object mask

There are many ways in which one might create on object mask fhe first-pass stack. and we
describe only one here, using the taskesegnent from theace source cataloging package.
We wish to detect objects and mask that exceed the backgrmisel by some amount, setting this
threshold low enough to detect as many real objects as pesg@ihout contamination from image
noise. The taskcesegnent carries out a series of steps needed to detect sources inage,m
producing a “segmentation map” that identifies pixels asged with objects. The processing
steps include measurement and subtraction of a local bagkdr(arguably unnecessary here, since
our stacked image should have been accurately sky sultjactewvolution by a detection kernel
to reduce local pixel-to-pixel noise and enhance the daidily of extended objects, thresholding
at a specified noise level, splitting of potentially blendeadirces (not strictly necessary for the
simple goal of creating an object mask, but important foewsiefic catalogs), and finally growing
the area of each object in the segmentation mask in ordechade additional light in the “wings”
that may fall below the detection threshold.

The default parameters facesegnent are shown here:

PACKAGE = ace
TASK = acesegment

i mages = Li st of input inages
masks = ! BP Li st of bad pixel masks
( p

(exps = ) List of exposure maps
(ext name= ) Ext ension nanes
(logfile= ) List of log files
(verbose= 2) Verbose | eve

# (bj ect masks

(obj mask= +_obn) List of object masks
(ontype = all) nject mask type
# Sky
(skyotyp= sky) Qutput sky type (sky| subsky)
(skyi mag= + sky) List of output sky inages
(sigi mag= ) List of output signa imges
(skies = + skymap) List of input/output sky naps
(sigmas = ) List of input/output signa naps
(fitstep= 100) Line step for sky sanpling
(fithl k1= 10) Bl ock average for line fitting
(fithcli= 2.) High sky clipping during 1D sky estimation
(fitlcli= 3.) Low sky clippling during 1D sky estimation
(fitxord= 1) Sky fitting x order
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(fityord=
(fitxter=
(bl kst ep=
(bl ksi ze=
(bl knsub=

(hdetect =
(ldetect=
(updat es=
(bpdet ec=
(bpflag =
(convol v
(hsi gnma

(1sigm

(nei ghbo
(m npi x

(sigavg

(si gmax

(bpval

(splitst=
(splitma=
(splitth=
(sm npi x=
(ssi gavg=
(ssi gnax=

(ngrow
(agrow
(node

1)

hal f)
1)

- 10)
2)

yes)
no)
yes)
1-100)
1-100)
bilinear 3 3)
3.)
10.)
8)

6)

4.)
4.)

| NDEF)

0. 4)

| NDEF)
5.)

8)

10.)
5.)

2)
2.)
ql)

Sky fitting y order

Sky fitting cross terns

Line step for sky sanpling

Bl ock size (+=pixels, -=blocks)
Nunber of subbl ocks per axis

# Detection

Det ect objects above sky?

Det ect objects bel ow sky?

Update sky after detection, splitting, and grow ng?
I nput bad pi xel values in inmage

I nput bad pixel values to flag in sources
Convol uti on kerne

Si gma threshol d above sky

Si gma threshol d bel ow sky

Nei ghbor type

M ni mum nunber of pixels in detected objects
Sigma of mean flux cutoff

Si gma of maxi num pi xe

Qut put bad pi xel val ue

# Splitting

Splitting steps in convolved signa
Maxi mum si gma above sky for splitting
Splitting threshold in signm

M ni mum nunber of pixels in split objects
Sigma of mean flux cutoff

Si gma of maxi num pi xe

# G ow ng
Nunber of grow rings
Area grow factor

We will not discuss the task or all of its parameters in ddtark, since we are not aiming to make
a catalog with scientific value, but simply a mask that candseluo identify pixels associated with
objects. More details about this task and others inabe package may be found ikCE: The
IRAF Astronomical Cataloging Environment (Valdes, 2008), a users guide to the software. For the
moment, we will leave most parameters at their default \\glwgth a few exceptions.

The name of the output object mask is specified by the paramiejerask = +_obm whose
default value indicates that the suffiabmwill be appended to the filename of the input image.

The exposure time and hence the pixel noise level variessiaeked mosaic image because
of the dithering, masking, etc. To first order, the variantéhe local pixel noise in the mosaics
should vary as the reciprocal of the local exposure time, saise the parametexps to specify
the mosaic exposure map.

Several parameters control the detection of objects arefrdéte which pixels will become
part of the object segmentation mask. The image will be cemdoby a smoothing kernel in
order to suppress pixel-to-pixel noise and enhance thetddiéty of objects. This is specified by
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the parameteconvol ve, whose default is @ x 3 bilinear kernel (see output example below).
Larger kernels will lead to greater noise suppression, ay atso blur compact objects reducing
their contrast. The parametesi gma specifies the positive detection threshold in units of the sk
RMS. Negative thresholds can be specified as well Wgh gma, but here we leavedet ect
= no to disable detection of negative sources. The valuei afpi x sets the minimum size (in
connected pixels) of detected objects, which helps to redparious detection of noise spikes or
pixel defects. The parametemgr ow andagr ow are used to extend the masks to cover fainter
emission from the wings of objects. Masks may be grown liye@y addingngr ow rings of
pixels around them) or in area (increasing their area bydbwfagr ow), or both.
Runningacesegnent we see this output:

ace> acesegnent Stackl.fits exps=Stackl exp.fits[pl]
ACE: NOAQ | RAF V2.14.1 med@)j ango. | ocal Mon 09: 45: 48 01-Jun-2009
I mmge: Stackl.fits - EGS FIELD3 Jband 60
Warni ng: Can’t open map (Stackl exp.fits)
ace> acesegnment Stackl.fits exps=Stackl exp.fits[pl]
ACE: NOAQ | RAF V2.14.1 med@)j ango. | ocal Mon 09: 45:51 01-Jun-2009
| mage: Stackl.fits - EGS FIELD3 Jband 60
Det erm ne sky and sigma by surface fits:
start line = 51, end line = 4468, step = 100.4
xorder = 1, yorder = 1, xterns = half
helip =2., lclip = 3.
Det erm ne sky and sigma by block statistics:
Nunber of blocks: 10 10
Nunber of pixels per block: 450 450
Number of subbl ocks: 20 20
Nunber of pixels per subblock: 225 225
Det ect objects:
Convol ution

1. 2. 1.
2. 4. 2.
1. 2 1.

13315 obj ects detected
Split objects: smnpix = 8
Grow obj ects: ngrow = 2, agrow = 2.
Det erm ne sky and sigma by surface fits:
start line = 51, end line = 4468, step = 100.4
xorder = 1, yorder = 1, xterms = half
helip =2., lclip = 3.
Det erm ne sky and sigma by block statistics:
Nunmber of blocks: 10 10
Nunber of pixels per block: 450 450
Nunber of subbl ocks: 20 20
Nunber of pixels per subblock: 225 225
Wite sky map: Stackl skynap
Wite object mask: Stackl_obnipl]
Qut put sky i mages: sky = Stackl sky

The resulting object mask Bt ackl_obm fi t's, which is a FITS-encapsulated mask file (like
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the FITS-encapsulated version of the exposure mask thateagedl ing5.11):

ace> i mhead Stackl.fits

Stackl.fits[4518,4518][real]: EGS FIELD3 Jband 60

ace> i nmhead Stackl obmfits[pl]

Stackl obmfits[pl][4518,4518][int]: EGS FlI ELD3 Jband 60

You should examine the object mask that is generateddssegnent and compare it to the
stacked image itself, to make sure that the mask is reasodabk not contain excessive numbers
of spurious sources:

newfirnm> display Stackl.fits 1

z1=-23. 186 z2=30. 62507

newfirnm> display Stackl obmfits[pl] 2 zs- zr+

z1=0. z2=1323587.

newfirm display Stackl obmfits[pl] 3 zs- zr- z1=0 z2=1
z1=0. z2=1.

newfirn> display Stackl.fits 4 overlay=Stackl obmfits[pl]
z1=-23. 186 z2=30. 62507

The segmentation map includes very high values that outi@éoundaries of objects, which can
be viewed with the secondi spl ay command above. The “interior” pixels of each object are
labeled by the object catalog number, which does not conggrhere; we can view all pixels
flagged as part of objects with either the third or fowtths pl ay commands above. The fourth
uses the mas&ver | ay feature fromdi spl ay.

If the mask looks reasonable, then you may proceed. If it séderhave many spurious sources,
you can experiment with changing varicusesegnent parameters, e.g., by raising the detection
thresholdhsi gna.

5.12.2 De-projecting the object mask

Next, we need to “de-project” the object mask from the cawaitk frame of the first-pass stack
back to the pixel coordinates of the original NEWFIRM imagé& usensci mage again for this
purpose, using world coordinate transformations to mam fitee rectified tangent plane projection
of the first-pass stack back to the pixel planes of the indi@idgeometrically distorted NEWFIRM
images. Unfortunately, in this case, the current desigmsafi mage does not let us carry out this
procedure with a single command, as was the case for the &faf\projection described i§b.10.
Instead, we must make some file lists and execute a seriesrohaads.

First, we prepare the object mask. The object mask famasegnent has value O where
there are no objects, and non-zero where there are objautsprbcess of interpolation when re-
projecting withnsci mage will change the mask pixel values, which themselves aremportant,
but we wish to have some control over this process. We makeaaitthe object mask, and use
i nr epl ace to set its pixels to values of 0 and 1000:

nsct ool s> copy Stackl obmfits Stackl obml000.fits
nsct ool s> i nreplace Stackl obnl000.fits[pl] 1000 | ow=1 up=I NDEF
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Next, we need to prepare some file lists. In our working exarhpte, the WCS-calibrated, sky
subtracted images produced®m 9 had names likeobj _.n03. 28070_ss1. fits. We need the
following lists:

1. object mask MEF FITS files for each NEWFIRM image:
obmn03. 28070.fits
obmn03. 28071.fits
etc.

2. all extensions from the sky subtracted files:
fobj _.n03. 28070ss1. fits[i ml]
fobj _.n03. 28070ssl. fits[ink]
etc.

3. all extensions from the mask files, including the flags eded create MEF masks:
obmn03. 28070. fits[i ml, append, t ype=mask]
obmn03. 28070. fits[i nR, append, t ype=mask]
etcl0

4. temporary FITS masks for each extension:
obmn03. 28070.1.fits
obmn03. 28070 2.fits
etc.

You can create these lists with a text editor or however yahwHere, we make them using the
Unix sed commands, run within IRAF by using ! to escape to the UnixIshel

nmsct ool s> files fobj _n03.*_ssl.fits > List.fobj_ssl
nsctool s> I'sed 's/_ssl//’ List.fobj _ssl | sed 's/fobj/obm’ > List.obm

nsctool s> !'sed "s/fits/fits[iml]/' List.fobj _ssl > List.fobj_ssl 4ex
msct ool s> !'sed "s/fits/fits[inR]/’ List.fobj_ssl >> List.fobj_ssl 4ex
msct ool s> !'sed "s/fits/fits[inB]/' List.fobj_ssl >> List.fobj_ssl 4ex
nsctool s> !'sed "s/fits/fits[imi]/’ List.fobj _ssl >> List.fobj_ssl 4ex

nsct ool s> I'sed "s/fits/fits[ind, append, type=mask]/’ List.obm> List.obm 4ex
msct ool s> I'sed "s/fits/fits[inR, append, type=mask]/’ List.obm >> List.obm 4ex
msct ool s> I'sed "s/fits/fits[inB, append,type=mask]/’ List.obm >> List.obm 4ex
msct ool s> I'sed "s/fits/fits[inmd, append, type=mask]/’ List.obm >> List.obm 4ex

nsctool s> I'sed "s/.fits/_1.fits/’ List.obm> List.obmtnp
mect ool s> !'sed '"s/.fits/_2.fits/’ List.obm>> List.obmtnp
msct ool s> !'sed '"s/.fits/_3.fits/’ List.obm>> List.obmtnp
msct ool s> !'sed "s/.fits/_4.fits/’ List.obm>> List.obmtnp

10Because we will be using these filenames as input to an IRAEftas an @ist, we do not need a backslash
before the=int ype=nask. Go figure.
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Next, we set a few key parametersneci mage:

PACKAGE = msctool s
TASK = nsCi nage

(format = i mge) CQutput format (inmage| mef)

( pi xmask= no) Create pixel mask?

(verbose= yes) Verbose out put ?
# Qut put WCS paraneters

(wecssour = mat ch) Qut put WCS source (inage| paraneters|match)
# Resanpling parneters

(blank = 0.) Blank val ue

(i nterpo= linear) Interpolant for data

(boundar = constant) Boundary extension

(const an= 0.) Constant boundary extension val ue

(fluxcon= no) Preserve flux per unit area?

(ntrim = 0) Edge trimin each extension

The parametancssour ce = mat ch forces theout put image to have the same pixel dimen-
sions (as well as the same WCS) as ttled er ence image. We use linear interpolation and no
flux conservation. We now must write a script that execosesi nage to transform the first-pass
stack maski(nput ) to the coordinate frame of each extension of the WCS-catior NEWFIRM
images( ef er ence), writing out the result as a temporary mask imaget(put ). I.e., the script
should look something like this:

nsci mage Stackl_obnl000.fits[pl] obm n03.28058 1.fits reference=fobj_n03.28058_ssl1.fits[indl]

msci mage Stackl_obnl000.fits[pl] obm n03.28059 1.fits reference=fobj_n03.28059_ssi1.fits[iml]

...etc...

nmsci mage Stackl_obnl000.fits[pl] obm n03.28058 2.fits reference=fobj_n03.28058 ssi1.fits[in]

msci mage Stackl_obnl000.fits[pl] obm n03.28059 2.fits reference=fobj_n03.28059_ssi1.fits[ing]
...etc...

We may use Unix commands to write such a script as follows:
msct ool s> ! paste List.obmtnp List.fobj_ssl 4ex > _tnpl

nsctool s> lawk '{print "nscinage Stackl_obml000.fits[pl]", $1, "reference="$2}' _tnpl > do_nsci mage_obm¢c
msct ool s> delete _tnpl ver-

We are now ready to run this script to do timeci mage re-projections:

nmsct ool s> ¢l < do_nsci nage_obm cl

We copy the temporary images into a more permanent home if&&hcapsulated mask file:

msct ool s> i ncopy @i st.obmtnp @i st.obm 4ex ver+

obm n03. 28058 _1.fits -> obm n03.28058.fits[iml, append]
obm n03. 28059 1.fits -> obm n03.28059.fits[iml, append]
obm n03. 28060 _1.fits -> obm n03.28060.fits[iml, append]
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...etc...
Finally, we use imreplace to convert the resulting maskstoes of 0 or 1. Our original mask had
values of 0 and 1000; we will keep any pixel in the resampledkwnahat has value greater than
100.

nmsct ool s> msccnd "inreplace $input O | ow=l NDEF up=100" @.i st.obm
nect ool s> nsccnd "inreplace $input 1 | ow=100 up=I NDEF" @i st.obm

At this point we are done, and we delete the temporary (uncesspd) FITS versions of the masks
for each extension, to save some disk space:

nsct ool s> del ete @i st.obmtnp ver-

5.12.3 Second-pass sky subtraction

We now wish to redo the sky subtraction describegary, but this time use our masks to exclude
pixels associated with objects when constructing the sksnés. We revisit the parameters for
nf skysub, now setting th@bmparameter to point to our list of object masks:

PACKAGE = newfirm

TASK = nf skysub
i nput = @.ist.fobj List of input images
(out put = +_sss) List of output images
(outtype= i mge) CQutput type (inmage|list]|<keyword>)
(skies = ) List of skies (enpty to use input)
(skymat c= ) Mat ch bool ean expression
(skynmode= nmedi an 9 5) Sky subtraction node
(stype = ) Sky sel ection expression (bool ean)
(obm = @i st.obm Input mask or keyword reference
(logfile= STDOUT, | ogfile) List of output logfiles
(fd = )
(rmode = ql)

Here we use the output prefigss to distinguish this second pass from our earlier first passv N
that objects are being explicitly masked, the sky calcotashould be more robust against outlying
values (most of which come from object pixels that have beasked). We therefore increase the
second optional parameter to thkynode = nedi an function, which controls the number of
data values that are averaged. This is now operating mareailikmax rejection ini nconbi ne
with small values fonl owandnhi gh (in this case, 2).

We rerunnf skysub on the linearized, flatfielded data (i.e., thebj _* images produced at
the end 0%5.6), followed bynf del t asky as in§5.8.

5.12.4 Re-stacking the second-pass images

To complete the second pass, first we must redo the world cw@iedsystem recalibration de-
scribed in§5.9. The WCS will not have changed, but in redoing the skyrsigtibn we went back
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to the images from a step before the WCS recalibration, smewty re-sky-subtracted data do
not have the updated WCS. You could copy the relevant imagdergparameters from the old
f obj * _ss1images §5.8) to the new versions, but it may be simpler and not verg ttansum-
ing to simply rerumf wcs again to recalibrate the new images.

Finally, we re-project the images usimgci mage (§5.10), and re-stackg$.11). In some
cases, we may wish to set parameters somewhat differerdbrterate these “final” data products.
For example, when re-projecting, we may wish to set thepati@tion algorithm inrsci mage to
some higher-order function likei nc. When combining the images withmconbi ne, we may
wish to average more data value®(bi ne = aver age rather tharconbi ne = nedi an),
using the various nconbi ne clipping algorithms to reject outliers.
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