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ABSTRACT

CatWISE is a program to catalog sources selected from combined WISE and NEO-

WISE all-sky survey data at 3.4 and 4.6 �m (W1 and W2). The CatWISE Preliminary

Catalog consists of 900,849,014 sources measured in data collected from 2010 to 2016.

This dataset represents four times as many exposures and spans over ten times as large

a time baseline as that used for the AllWISE Catalog. CatWISE adapts AllWISE

software to measure the sources in coadded images created from six-month subsets of

these data, each representing one coverage of the inertial sky, or epoch. The catalog

includes the measured motion of sources in 8 epochs over the 6.5 year span of the data.

From comparison to Spitzer, the SNR=5 limits in magnitudes in the Vega system are

W1=17.67 and W2=16.47, compared to W1=16.96 and W2=16.02 for AllWISE. From

comparison to Gaia, CatWISE positions have typical accuracies of 50 mas for stars at

W1=10 mag and 275 mas for stars at W1=15.5 mag. Proper motions have typical ac-

curacies of 10 mas yr−1 and 30 mas yr−1 for stars with these brightnesses, an order of

magnitude better than from AllWISE. The catalog is available in the WISE/NEOWISE

Enhanced and Contributed Products area of the NASA/IPAC Infrared Science Archive.

Keywords: catalogs, infrared:stars, proper motions, brown dwarfs

1. INTRODUCTION

NASA’s Wide-field Infrared Survey Explorer mission (WISE; Wright et al. 2010) revealed iconic

objects, including the �rst Earth Trojan asteroid (Connors et al. 2011), the closest and coolest brown

dwarfs (Luhman 2013, 2014), and the most luminous galaxy yet found in the Universe (Tsai et al.

2015). These discoveries were made using two or more infrared coverages of the sky (or epochs)
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obtained from January 2010 to February 2011. Each epoch typically consists of a dozen exposures

per band taken within two days at a given position. The satellite was reactivated asNEOWISE and

resumed searching for near-Earth objects in December 2013 (Mainzer et al. 2014), and has continued

to cover the sky every six months since then.

In November 2013, the AllWISE release (Cutri et al. 2013) made available to the community an

atlas from coadding the two dozen exposures per position from the initial year of WISE surveying,

and a catalog of source 
uxes and positions measured from those exposures. With at least two epochs

per inertial position, AllWISE also provided motion estimates, and became the de�nitive catalog in

the WISE bandpasses. Each year,NEOWISE releases the individual exposures from the reactivated

survey (Cutri et al. 2015), corresponding to two additional epochs. With the 2019 April 10NEOWISE

release, exposures from 12 epochs are now available. Meisner et al. (2018a) used unWISE processing

(Lang 2014) to produce an image atlas which combines the 2010 and 2011 data used for AllWISE

with the 2013 through 2016NEOWISE data. An obvious next step is to catalog the sources revealed

in these combined exposures.

The unWISE Catalog (Schla
y et al. 2019) uses a crowded-�eld point-source photometry code

called \crowdsource" to do this, measuring source 
uxes and positions in the coadded image, with

the measurements at 3.4� m (W1) and 4.6� m (W2) carried out independently. In contrast, CatWISE

has adapted AllWISE software to produce a full-sky catalog of sources selected simultaneously in both

W1 and W2, and also provides motion estimates. For the CatWISE Preliminary Catalog described

in this paper, sources were selected from the ensemble of 8 epochs ofWISE and NEOWISE data from

Meisner et al. (2018a, the \full coadd"), and the least-squares best-�t solution for point source 
ux,

position and motion were determined from measurements on the individual \epoch coadd" images

(Meisner et al. 2018c) rather than individual exposures, to reduce computational cost. Because the

total time spanned by CatWISE epochs at a given inertial position is over 6 years, compared to a

typical value of 6 months for AllWISE, the CatWISE motion estimates are far more accurate. This in

addition to the greater depth of the CatWISE catalog relative to AllWISE are being used to extend

the census of the coldest brown dwarfs in the solar neighborhood and enable de�nitive measurement
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of the form of the low-mass end of the star formation process (Kirkpatrick et al. 2019). Figure 1

illustrates an example of the potential of CatWISE to progress in this area.

In x2 of this paper we summarize relevant aspects of theWISE and NEOWISE mission phases.x3

describes the CatWISE processing steps.x4 assesses the astrometric and photometric performance of

CatWISE using comparisons toGaia and Spitzer data. x5 provides some initial examples of science

results enabled by CatWISE, andx6 provides information on accessing CatWISE data products.

Appendices provide additional information on CatWISE column entries, cautions on known issues

in the CatWISE Preliminary Catalog, and details on how positions were combined from alternating

survey scan directions (x2). The CatWISE website is https://catwise.github.io.

2. OBSERVATIONS

WISE was launched on 2009 December 14, with its 40-cm telescope cooled to 12 K by an outer

cryostat tank, and the W1 and W2 detectors operated at 32 K. The 12 and 22� m (W3 and W4)

detectors were cooled to 7.8 K by an inner cryostat tank. Both tanks were �lled with frozen hydrogen.

The cryostat cover was ejected and the �rst images obtained on 2009 December 31, and science survey

data were taken starting on 2010 January 7.

WISE uses dichroics to image the same 47� 47 arcmin region of sky simultaneously in all bands

using 1024� 1024 pixel arrays with 2:0075 pixels, and obtaining exposures every 11 seconds. The

duration of each W1 and W2 exposure is 7.7 seconds due to readout time and scan mirror settling,

and discarding the initial readout.

The Sun-synchronous polarWISE orbit was designed to precess so that the satellite stays over the

Earth's terminator. The basic WISE survey strategy is to point near the zenith, scanning at the

orbital rate along lines of ecliptic longitude, with the image motion compensated by a scan mirror

that 
ies back for the start of each exposure. The precession rate sweeps across the imaging �eld of

view in approximately 12 orbits (less than one day) near the ecliptic, although the detailed survey

strategy extends this time to more than a day. Because images are obtained on both sides of the orbit,

the same region of inertial sky is covered every six months, with the direction of the survey scans



CatWISE Overview 5

Figure 1. (top) Proper motions that are insigni�cant in AllWISE become obvious with the increased time

baseline of CatWISE. Discovered via its color in WISE data (Gelino et al. (2011); Kirkpatrick et al. (2011)),

WISEA J161441.47+173935.4 is a T9 brown dwarf at 10 pc with a proper motion of� � = 554:5 � 1:2

mas yr� 1; � � = � 476:7 � 1:2 mas yr� 1 as determined by Spitzer (Kirkpatrick et al. 2019). With a 6-

month baseline, AllWISE (top left and center) measures a motion consistent with zero (� � = 352 � 412

mas yr� 1; � � = � 69� 452 mas yr� 1; bottom center), while with the inclusion of NEOWISE data from 2016

(top right), the corresponding source in the CatWISE Preliminary Catalog (CWISEP J161441.63+173933.7)

has a highly signi�cant motion ( � � = 583:6 � 23:5 mas yr� 1; � � = � 442:0 � 25:0 mas yr� 1; bottom right)

consistent with the Spitzer values. The top panels show 20� 20 cutouts in W2 centered on theWISE position

of the source at the �rst epoch, marked in all 3 epochs by a red circle.

alternating between ascending and descending in ecliptic latitude. CatWISE processes ascending and

descending scans separately for source measurement.
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Figure 2. Temperature of the WISE beamsplitter assembly vs. date. This temperature is close to that

of the telescope and W1 and W2 detectors. Dashed lines indicate the transitions from full cryogenic to

3-band cryogenic phases, to the post-cryogenic phase, and to the start of hibernation and reactivation. Grey

shading indicates the date ranges of data used for the CatWISE Preliminary Catalog. AllWISE included

only the left portion of the shaded range.

The fully cryogenic survey continued until the hydrogen in the outer tank evaporated on 2010

August 6, exceeding the 7-month cryogen lifetime requirement and covering the sky 1.2 times (Figure

2). WISE then surveyed an additional 30% of the sky during its 3-Band (W1, W2, and W3) cryogenic

phase, with the W3 detector operating at reduced sensitivity. After the cryogen in both tanks was

exhausted on 2010 September 29, the post-cryogenicNEOWISE survey (Mainzer et al. 2011) in W1

and W2 began, as the telescope and detectors warmed to� 73 K. Surveying continued until 2011

February 1, completing a second pass over the sky in W1 and W2, after which the satellite was placed

into hibernation. In September 2013, the spacecraft was brought out of hibernation, where it had

equilibrated at � 200 K due to thermal radiation from the Earth, and renamedNEOWISE. On 2013
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December 13, with the telescope and detectors passively cooled below 76 K,NEOWISE resumed

surveying the sky every 6 months in W1 and W2 (Mainzer et al. 2014).

The CatWISE Preliminary Catalog is based on the combination of W1 and W2 exposures in the

two sky coverages used for the AllWISE data release (Cutri et al. 2013) and in the six additional sky

coverages from the 2017NEOWISE data release. For PSF purposes (x3.2), we use MJD 55480 (2010

Oct. 11) as the dividing point between cryogenic and post-cryogenic data. The average observation

date is closer to MJD 56700 (2014 Feb. 12), which we adopt as the epoch for reporting positions

when solving for source motion in the Preliminary Catalog. Source positions, whether incorporating

source motion or not, are given in the equinox J2000 coordinate frame. Magnitudes in the catalog

and throughout this paper are on the Vega system.

3. CATWISE PROCESSING

CatWISE adapts the AllWISE pipeline to detect and measure source 
uxes in the combined WISE

and NEOWISE images provided by unWISE. A full description of the AllWISE pipeline is provided

in Cutri et al. (2013).

CatWISE processing works in the atlas tile footprint established by the WISE All-Sky Release,

dividing the inertial sky into 18,240 overlapping square images (tiles), each approximately 1.56� on

a side, aligned with the local right ascension and declination. Except for the \primary 
agging" step

(x3.6), processing steps were carried out independently on each tile. For the Preliminary Catalog,

CatWISE uses the full depth unWISE coaddition of 8 epochs (Meisner et al. 2018a), and the 8

individual unWISE epoch coadds (Meisner et al. 2018c, after astrometric modi�cations described

in x3.1). The full depth coadds and the PSF (x3.2) were used to create detection images. Sources

were detected in these images (x3.3), while source properties were determined from measurements on

the epoch coadds, treating ascending and descending epochs (x2) separately for most tiles and then

merging the results (x3.4). Potential artifacts a�ecting the sources were identi�ed (x3.5), and sources

with multiple measurements because they were in the tile overlap region were 
agged to indicate

which set of measurements should be used (x3.6). Finally, sources were selected for inclusion in the

catalog or reject �les (x3.7). We describe these steps in more detail below.
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3.1. unWISE Coadds

The coadded images in the atlas released with the AllWISE (and All-Sky) Catalogs were primarily

intended to facilitate source detection, and for this reason they are convolved with the WISE PSF.

The unWISE coadds retain the resolution of individual WISE exposures. To reduce di�erences from

the AllWISE processing approach, for source detection (x3.3) in the CatWISE Preliminary Catalog,

we convolved the masked version (Lang 2014) of the full-depth unWISE coadds Meisner2018a with

the PSF (x3.2). For source measurement (x3.4) we used the masked version of the unWISE epoch

coadds (Meisner et al. 2018c) without convolution.

An adjustment was made to the world coordinate system (WCS) for the pre-hibernation unWISE

epoch coadds. Although all of the released individual exposures are tied to 2MASS (Skrutskie et al.

2006), the individual pre-hibernation exposures released for AllWISE are not on the same astrometric

system as the individual post-hibernation exposures released forNEOWISE. The NEOWISE images

include corrections for the motions of the 2MASS reference stars, as does the AllWISE Catalog

(see xV.2.b of the AllWISE Explanatory Supplement; Cutri et al. (2013)), but the released pre-

hibernation images do not include those corrections. A table of corrections for these images exists,

however1, and these corrections were applied to the unWISE input, making the astrometric system

of the pre-hibernation epoch coadds consistent with those from the post-hibernation epoch coadds.

3.2. Point Spread Function (PSF)

The WISE and NEOWISE PSFs have been well characterized at the individual exposure level,

but CatWISE works with coadded images rather than individual exposures, so PSFs appropriate for

these coadded images are needed. The W1 and W2 PSFs vary with position in the focal plane, and

changed somewhat between the cryogenic and post-cryogenic phases of the mission, particularly for

W1. The PSFs are also asymmetric, with an orientation that is �xed with respect to the focal plane,

but the focal plane orientation with respect to equatorial coordinates varies between exposures. The

focal plane orientation also 
ips every six months because at a given inertial location the survey scan

1 http://wise2.ipac.caltech.edu/docs/doc tree/sis/rex19
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Figure 3. Left: The \basic" (averaged over focal plane position) post-cryogenic PSF model for W1. The

grey scale uses a log stretch from 1% to 99% of the peak value. The model extends to� 11000. Center: The

ascending scan W1 PSF for tile 1497p015 after averaging over cryogenic and post-cryogenic epochs, and

a PA range from 199.93� to 200.56� . This is illustrative of the type of PSF used by CatWISE for source

measurement, with the exception of 50 tiles near the ecliptic poles.Right: The W1 PSF averaged over all

scans for tile 0890m667, which includes the south ecliptic pole and all PAs. This is illustrative of the type

of PSF used by CatWISE for source measurement for 50 tiles near the ecliptic poles.

direction alternates between ascending and descending in ecliptic latitude (x2). CatWISE addressed

these issues as follows.

A 9 � 9 grid over the focal plane of cryogenic phase model PSFs and their uncertainties, 8�

oversampled relative toWISE pixels and covering 220" on a side, is provided inxIV.4.c.iii.1 of

the WISE All-Sky Explanatory Supplement (Cutri et al. 2012). The post-cryogenic PSFs used for

NEOWISE are given inxIV.2.b.i of the NEOWISE Explanatory Supplement (Cutri et al. 2015). Since

many focal plane positions contribute to each source in the coadded images, CatWISE averaged these

model PSFs, weighted only by their partition sizes in the 9� 9 grid. The uncertainty in the averaged

PSF was taken to be the root sum square of two terms: the root mean square of the individual grid

PSF uncertainties divided by
p

N � 1 where N is the 81 PSF's, and the standard deviation of the grid

PSF's about the averaged PSF. Figure 3 (left) shows the resulting focal plane average post-cryogenic

PSF model for W1. An analogous focal plane average cryogenic PSF was created for W1, as well as

average cryogenic and post-cryogenic PSFs for W2. These are referred to below as the \basic" PSFs.
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Figure 4. Di�erence image of W1 post-cryogenic PSFs in ascending vs. descending scans. The image

extends to � 11000.

As can also be seen in the AllWISE PSF's plotted in Figure 1 of Lang, Hogg, & Schlegel (2016), the

PSFs contain �ne structure in the core that is qualitatively consistent with the expected di�raction

pattern for WISE. This structure is not rotationally symmetric. Figure 4 shows the di�erence between

ascending and descending orientations of the W1 post-cryogenic PSF. The bright and dark stripes

in and around the core correspond to variations of roughly 25% of the peak of the PSF. The center

of the PSF is the most crucial region for position estimation, so inaccuracies in this part of the PSF

have serious consequences for astrometry, as well as photometry.

These structures are not due to misalignment of the ascending and descending PSF's, which would

need to be� 1:000 to account for the features { far greater than the di�erence in astrometry from the

ascending vs. descending PSF's. For example, the median di�erence in source astrometry for tile

0895p227 (where ecliptic longitude and right ascension align) was 26.5 mas in ecliptic longitude, and

0.0 mas in ecliptic latitude. With the PSF's intentionally swapped, these values became -1216.0 mas

in longitude and 633.6 mas in latitude. Over the sky, the tile median di�erences using the correct

PSF's are distributed with a median value of 78.1 mas and� = 33 mas in ecliptic longitude, and

-14.4 mas and� = 16 mas in ecliptic latitude.
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The structure revealed here has no impact on the measurements carried out by theWISE and

NEOWISE projects, because those measurements were made (and continue to be made) on individual

exposures. The PSF structure is captured in the models, and the PSF orientation is always the same

in the focal plane. This is not the case for CatWISE, which uses coadds in place of individual

WISE exposures. The coadded image tile orientation is aligned with the local equatorial coordinates.

Therefore CatWISE rotated the basic PSFs by an appropriate set of position angles (PAs) between

focal plane and equatorial coordinates for each image tile.

The coadded images were assembled from individual exposures with a range of PA values, so

histograms of exposure PA values were constructed for each tile, using a bin width of 0.1 degrees.

Separate histograms were constructed for ascending vs. descending and cryogenic vs. post-cryogenic

exposures. The basic PSF was rotated by each PA bin center value and these rotated PSFs averaged

together with weights equal to the histogram bin count. Those averages were then combined for each

tile with weights given by the number of corresponding cryogenic and post-cryogenic exposures to

make ascending and descending PSFs for each tile.

Tiles in the vicinity of the ecliptic poles have large PA ranges, and so the tile PSF becomes very

smeared (see Figure 3, right). For the 50 tiles nearest the ecliptic poles (listed in Table 1), the

ascending and descending PSFs were averaged together, weighted by the number of ascending and

descending exposures.

The description above applies to the PSF's used by CatWISE for source measurement. For the

detection step in the Preliminary Catalog (x3.3), PSF's analogous to the measurement PSF's of the

50 tiles nearest the ecliptic poles were created for every tile, but with 4� oversampling relative to the

unWISE images, rather than the 8� oversampling of the measurement PSF's. These detection PSF's

were made by resampling the central portion of the weighted average of ascending and descending

PSF's for that tile. The detection PSF's have 27� 27 pixels with each pixel spanning 0:006875, i.e.

covering an area of 18:005625 on a side (6.75 native WISE pixels).
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Table 1 . Tiles Processed Using a Single PSF per Band

RA range in decimal degrees of tiles in column

79.1:87.9 89.0:95.7 96.2:264.2 265.0:272.1 272.6:280.8

0791m682 0890m667 0962m697 2650p681 2726p651

0803m652 0891m637 0964m667 2656p651 2729p681

0830m682 0908m652 0978m652 2672p666 2741p636

0837m697 0909m682 0988m682 2675p636 2746p666

0838m652 0920m697 1002m667 2679p696 2761p651

0853m667 0924m637 2610p681 2690p681 2762p696

0858m637 0927m667 2621p651 2691p651 2769p681

0870m682 0943m652 2635p666 2708p636 2783p666

0873m652 0949m682 2637p696 2709p666 2796p651

0879m697 0957m637 2642p636 2721p696 2808p681

3.3. Detection

Source detection for the CatWISE Preliminary Catalog was done simultaneously in W1 and W2

with the Multiband Detection (MDET; Marsh & Jarrett 2012) and Image Co-addition with Optional

Resolution Enhancement (ICORE) software (Masci 2013) used in the WISE pipeline, following the

process described inxIV.4.b.iii.1 of the WISE All-Sky Explanatory Supplement (Cutri et al. 2012).

The detection PSF's in each band were used as matched �lters to generate images which are optimal

for detection of isolated point sources in that band. ICORE generated the convolution (or more

accurately, the cross-covariance) of the PSF with the full-depth unWISE coadd, resampling the

2048� 2048 2:0075 pixel unWISE coadds to the 4095� 4095 1:00375 pixel detection image format

employed by MDET for WISE. The resampling was done using nearest-neighbor interpolation into

a temporary �ner grid matching the PSF grid, before being down-sampled to the output pixel size.

Similarly, ICORE created uncertainty images from the detection PSF's and the unWISE \std" images,

which are the standard deviation of the individual exposures that comprise the unWISE full-depth
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coadds. MDET then subtracted a local background from each ICORE image using a 21� 21 pixel

median �lter, normalizing the result by the ICORE uncertainty image. To account for confusion

noise, the uncertainties were augmented by the root-sum-square of the estimated variance of the

ICORE image from the local background. Finally, MDET generated a detection image from these

normalized and background-subtracted ICORE images by summing the two bands in quadrature,

identifying as sources local maxima (pixels with larger values than their neighbors) that exceeded a

speci�ed detection threshold.

As was done for WISE, the detection threshold was set at an estimated source reliability of� 50%.

AllWISE, with two sky coverages, selected a threshold of 2.4, compared to 3.5 used for the single

coverage WISE All-Sky Release. For CatWISE we estimated the threshold based on comparison to

deeperSpitzer data from the SERVS (Mauduit et al. 2012) and S-COSMOS (Sanders et al. 2007)

programs. These programs have a source density of� 100; 000 deg� 2, so with the matching radius

of 2:005 the chance of a spurious match is not trivial (15%), but still well below the 50% criterion for

the detection threshold. The estimated threshold varied from 1.7 in the COSMOS �eld to 2.6 in the

Lockman Hole, and a value of 1.8 was selected for the Preliminary Catalog.

At the high source densities typical for CatWISE in coadds of� 100 or more individual WISE

exposures, this matched �lter detection methodology yields an asymptotic number of� 60; 000

detected sources per tile for the Preliminary Catalog (or� 25; 000 deg� 2, Figure 5) and hence becomes

incomplete, particularly in W1. The detected source density declines slightly in the Galactic plane,

for reasons not well understood at present. The limiting source density corresponds to an exclusion

radius of 13". This is similar to the decline in sources separated by less than 10" shown in Figure 27 of

xVI.2.c.iv in the WISE All-Sky Explanatory Supplement (Cutri et al. 2012), so is likely a consequence

of the source detection methodology used in the WISE pipeline. Schla
y et al. (2019) present an

alternative approach (\crowdsource") which results in higher detected source densities, but does not

provide motion estimates. We are using the Schla
y et al. (2019) catalog as the detection list for an

updated version of the CatWISE catalog that is expected to be available in 2020. The completeness

and reliability of the CatWISE Preliminary Catalog are discussed further inx4.1.
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Figure 5. Map of CatWISE Preliminary Catalog source density in Galactic coordinates.

3.4. Source Measurement

Source photometry, astrometry, and motion estimation for CatWISE use an adapted version of the

WPHOT software developed for the AllWISE pipeline. WPHOT carries out point-source extraction,

solving for both photometry and astrometry simultaneously. Source positions detected in each coad-

ded tile image were propagated to individual exposures, and the 
ux and� 2 evaluated from �tting

the PSF. The source position and 
ux were re�ned by searching for a local minimum in� 2. For

AllWISE, a linear motion was also solved for, based on the observation time of the images.

CatWISE did not have the computational resources to perform the source �tting on all of the many

hundreds of individual exposures that contribute to a coadded tile image. Because the 12 exposures

for a given inertial position in each sky coverage are obtained within less than two days, the motions
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of sources beyond the solar system can be assumed to be �xed for each sky coverage (or epoch).

Therefore CatWISE ran WPHOT treating unWISE epoch coadd images as the individual images.

The other signi�cant modi�cation to the AllWISE WPHOT process implemented by CatWISE

addressed the alternating scan direction of each epoch and hence varying PSF orientation. WPHOT

was not designed to use a time-dependent PSF, but with 8 or more epoch coadd images per position,

CatWISE elected to measure source properties with WPHOT separately for the groups of four or more

epoch coadds in each of the two scan directions, and then merge the two results. This methodology

was used for all but the 50 tiles nearest the ecliptic poles, listed in Table 1. For those tiles, a tile-

speci�c average PSF over all epochs was used for both scan directions, and all epochs were processed

together with WPHOT.

WPHOT performs PSF-�t photometry and astrometry assuming sources are inertially �xed (the

\stationary �t"), and also searches for a solution assuming a linear motion with time (the \motion

�t"). The � 2 minimization �t can be performed at any location in the 
ux image. The goal of

astrometry is to �nd the location at which � 2 has a local minimum.

The stationary �t uses the gradient descent method to minimize the total� 2 (i.e., the combined

W1 and W2 � 2) in the two-dimensional space of right ascension (� ) and declination (� ). As one

moves around in the space,� 2 decreases and increases as the local 
ux distribution appears more or

less like a point source. The (�; � ) where � 2 is estimated to be minimal is the position assigned to

the source, and the scale factor on the PSF that minimizes� 2 there is the 
ux estimate. The value

of � 2 is recorded, as are the individual� 2 for the W1 and W2 
ux �ts. Under certain conditions

such as low coverage or negative 
uxes, the gradient descent algorithm may be unable to compute

estimates, in which case nulls are reported. Standard Gaussian error analysis provides uncertainties

for (�; � ) and 
ux. The error model includes both PSF error and image 
ux error, and is discussed

further in x3.4.1. More details on WPHOT are given inxIV.4.c.iii of the WISE All-Sky Explanatory

Supplement (Cutri et al. 2012).

The model used for the motion solution replaces the single location of the stationary solution with

locations along a linear function of time. The slopes of this line in the (�; � ) directions are the angular
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motion rates (� � ; � � ) in ( �; � ). The motion �t minimizes the total � 2 over the four-dimensional space

of (�; �; � � ; � � ). When the motion �t is based on both ascending and descending epochs, the motions

will include parallax e�ects (see Kirkpatrick et al. 2014), and so they are not true proper motions.

However, except for the 50 tiles near the ecliptic poles, CatWISE processed ascending and descending

scans separately, so that the measured motions are close to true proper motions.

3.4.1. Uncertainties

WPHOT estimates uncertainties in photometry, position, and motion based on error propagation

from uncertainty images corresponding to the PSF and exposure images. The PSF uncertainty images

from WISE and NEOWISE appropriate to each PSF were combined using the methodology described

in x3.2, and these dominate the uncertainties estimated for brighter stars (. 12 mag). For fainter

sources (& 15 mag) the exposure image (or for CatWISE, epoch image) uncertainties dominate. For

these, the \std" unWISE images were used, which are the sample standard deviation at each pixel

of the individual WISE exposures divided by
p

N � 1, where N is the number of exposures.

Reduced� 2 values from the CatWISE PSF �tting measurements showed that the uncertainties

needed adjustment. The PSF uncertainties were scaled down by 0.9 in W1 and 0.64 in W2 based on

bright star reduced� 2 values. Cryogenic PSF uncertainties for W1 were scaled down by an additional

factor of 0.58. Based on faint star reduced� 2 values, the image uncertainties were scaled up by 1.4

in W1 and 1.15 in W2, and those for pre-hibernation epochs were scaled up by additional factors

of 1.1 in W1 and 1.05 in W2. The units of the unWISE images are Vega nanomaggies (nMgy), i.e.

0:306681� Jy for W1 and 0:170663� Jy for W2 (Wright et al. 2010), and a minimum value of 1 nMgy

in W1 and 10 nMgy in W2 was also imposed on the image uncertainties.

The uncertainties for the 50 tiles near the ecliptic poles, which used averages of ascending and

descending PSFs (x3.2) had somewhat di�erent adjustments. For these tiles the PSF uncertainties

were scaled up by 1.3 in W1, with no further adjustment for cryogenic values, and were left unchanged

for W2. The image uncertainties were scaled up by 1.75 in W1 and 1.25 in W2, and those for pre-

hibernation epochs were scaled up further by 1.1 in W1 and 1.05 in W2. A minimum value of 1

nMgy in W1 and 5 nMgy in W2 was imposed on the image uncertainties.
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3.4.2. Merging Measurements from Ascending and Descending Scans

As noted earlier, for nearly all tiles two independent measurements were made, one extracted from

epoch coadds constructed from ascending scans and one from descending-scan epochs. These were

merged into a single source list as follows.

Sources were matched based on their identi�er in the detected source list (x3.3). A small number

of mismatches occurred because of active deblending in WPHOT. Active deblending inserts a new

source (not from the detection program) into the �tting region if the � 2 value exceeds a threshold

and is reduced by the insertion by a minimum required amount. Full details may be found inxIV.4.c

of the WISE All-Sky Explanatory Supplement (Cutri et al. 2012). Actively deblended sources have

the same identi�er as the parent source in the detection list. Because active deblending may proceed

di�erently in the ascending and descending data, when the identi�er was not unique, a nearest-match

criterion was also applied. If the number of ascending sources did not equal the number of descending

sources, the left over sources were discarded, leaving a one-to-one association list.

Corresponding parameters for each matched ascending-descending source pair were combined when

the ascending and descending apparitions have non-null values (x3.4), otherwise the single non-null

values (if any) were retained. Aperture magnitudes for the ascending and descending scans were

measured from the same full-depth coadd, di�ering only slightly in the position of the aperture

centers. Hence, the 
uxes and 
ux uncertainties corresponding to the aperture magnitudes and

their uncertainties were simply averaged without weighting. Positions were averaged using inverse-

covariance weighting, with the averaging done in a local Cartesian projection consistent with the

uncertainty representation. Additional details are provided in Appendix C. PSF-�t photometry was

combined by averaging the 
ux values using inverse-variance weighting. This yields re�ned 
ux values

and reduced uncertainties that are used to recompute the magnitudes, magnitude uncertainties, and

signal-to-noise ratios.
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3.5. Artifact Flagging

Bright stars create a variety of scattered light e�ects and electronic charge issues that require

special handling by the software. These e�ects include scattered light halos, di�raction spikes, glints

from o�-frame bright stars, optical ghosting from internal re
ections within the optical system, and

charge persistence on the arrays. These can create false detections, hereafter called artifacts, or can

contaminate detections of real, astrophysical sources. The goal of artifact 
agging is to label spurious

or a�ected sources so that the user can easily create source lists for which most of these problems

are eliminated.

The CatWISE Preliminary Catalog employs two types of artifact 
agging. One is thecc f lags

values copied directly from AllWISE processing. If a source was found in either the AllWISE Catalog

or Reject Table within 2:0075 of a CatWISE source, itscc f lag was included in the entry for the

CatWISE source; if no AllWISE source was found within this radius, thencc f lags contains a null

value. For a CatWISE source having multiple AllWISE sources within the 2:0075 radius, the most

pessimistic value per band was retained, as described inx3.5.1. Thesecc f lags values indicate

whether a source is likely to be spurious because it is dominated by an artifact (encoded as an upper-

case letter) or is a real source contaminated by an artifact (encoded as a lower-case letter). Each

of the four characters incc f lags corresponds to artifacts in one of the four WISE bands, so the

�rst two characters are most relevant for CatWISE, which does not include W3 or W4 data. The

possibilities are \0" for no artifact or contamination, \D" or \d" for a di�raction spike, \H" or \h"

for a scattered light halo, \O" or \o" for an optical ghost, or \P" or \p" for charge persistence. The

cc f lags �eld conveys only the main features of the full artifact 
ag information contained in the

AllWISE w1cc map, w1cc map str , w2cc map, and w2cc map str �elds,2 which are also provided in

the CatWISE source entry. A more detailed description can be found inxIV.4.g of the WISE All-Sky

Explanatory Supplement (Cutri et al. 2012).

2 Note that the column descriptions for these �elds in xII.1.a of the AllWISE Explanatory Supplement (Cutri et al.

2013) are incorrect. Corrected descriptions are provided in Appendix A.
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The second type of artifact 
ag is calledab f lags, which was determined for every CatWISE

source and is based on artifact 
agging images provided by unWISE (unWISE bit masks; Meisner

et al. 2019a). Theab f lags do not attempt to distinguish between an outright artifact and a real

astrophysical source that su�ers from some level of artifact contamination, but are set so that only

egregious artifacts more likely to be spurious detections are 
agged. By analogy withcc f lags, the

ab f lags thus contain only upper-case letters \D", \H",\O", or \P" or the value \0". Furthermore,

because the CatWISE data deal only with W1 and W2 data, theab f lags values are only two

characters long. Additional details are given inx3.5.2.

Figure 6 shows examples of both types of artifact 
ags. Thesecc f lags and ab f lags values should

be regarded as two di�erent yet complementary methods for tagging sources of special concern to the

user. As described inx IV.4.g of the WISE All-Sky Explanatory Supplement (Cutri et al. 2012), the

cc f lags are known to over
ag; their purpose is to produce a reliable catalog of source extractions free

of contamination by artifacts, but they do so at the expense of completeness. AllWISEcc f lags are

not available for sources detected only in CatWISE, so requiring a source to have \0" in itscc f lags

entry again emphasizes reliability over completeness. In contrast theab f lags, which are available

for every CatWISE source, are used to tag only the more egregious artifacts, thereby emphasizing

completeness, albeit at the expense of reliability. Users of the CatWISE data products can thus

query against these two sets of artifact 
ags to best �t their needs.

3.5.1. Setting the cc f lags Values When There are Multiple Matches

The values ofcc f lags were taken directly from a join of the AllWISE Point Source Catalog and

Reject Table. When more than one of these AllWISE sources matched to within 2:0075 of a CatWISE

source, the band-by-bandcc f lags value of the CatWISE source was determined as follows. If there

was an upper-case letter for any matching source, it took precedence over any lower-case letter. The

letter \D" is the highest priority followed, in order, by \P", \H", and \O". If there were no upper-case

letters for any matching source, lower-case letters had the next highest priority, in the same order

(\d", \p", \h", and \o"). If all matching sources had a value of \0" in that band, then \0" was used.
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Figure 6. Example artifact 
ags for 16 :50 � 13:00 cutouts in W1 (top) and W2 (bottom) from the tile

1497p015. Detected CatWISE sources are shown by the small cyan circles. Sources with upper-casecc f lags

are marked with large red circles, and sources labeled as artifacts byab f lags are marked in medium-sized

blue circles.
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For the binary bit encoding of AllWISE artifacts given by w1cc map and w2cc map, when there

was more than one AllWISE match to a CatWISE source, a logical `OR' was performed over all the

matches for each bit. Thew1cc map str and w2cc map str values were then constructed using the

priority rules given in the previous paragraph.

3.5.2. Translating the unWISE Bit Mask Values to ab f lags

The unWISE bit mask values at the (x,y) pixel location of the source were used to set the value of

ab f lags, as shown in Table 2, where we use the pre�x \b" to indicate speci�c unWISE mask bits

in column 3. Bits 0{3 and 7{8 are related to a nearby bright star; bits 11, 12, 25, and 26 indicate

optical ghosts; bits 13{20 
ag charge persistence; bits 23 and 24 mark halos; and bits 27{30 are for

di�raction spikes. The checks against bits 21 and 22 are to ensure that the bright star is not 
agged

by its own di�raction spikes or scattered light halo. A complete description of the unWISE mask

bits is given in Meisner et al. (2019a).

Table 2 . Logic Used in Converting unWISE Bitmask Values to

ab 
ags Values

Value Band Logic

\D" W1 b0 or b1 or b7 or b27 or b29 but only if not b21

� � � W2 b2 or b3 or b8 or b28 or b30 but only if not b22

\H" W1 b23 but only if not b21

� � � W2 b24 but only if not b22

\O" W1 b25 or b26

� � � W2 b11 or b12

\P" W1 b13 or b14 or b17 or b18

� � � W2 b15 or b16 or b19 or b20
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In addition to the ab f lags �eld, the CatWISE catalog includes �elds with detailed artifact 
ag

information (w1ab map, w1ab map str , w2ab map, and w2ab map str ) for each source, analogous to

the similar �elds providing detailed artifact information related to cc f lags.

3.6. Duplicate Source Measurements

WISE tiles, and, therefore, unWISE coadds, overlap each other by� 30 on the equator. As a result,

sources appearing near the edge of a tile will also be measured in neighboring tiles. To remove these

duplicate measurements we adopted the approach used by Schla
y et al. (2019). For each source in

a tile, its coordinates were used to calculate the minimum distance to the edge of the tile. The same

coordinates were used to calculate the minimum distance to the edge for all neighboring tiles, and

the source was 
agged as \primary" if these other minimum distances were all smaller.

3.7. The CatWISE Preliminary Catalog

With the necessary 
agging in place, catalog generation could proceed. CatWISE Preliminary

Catalog sources are required to:

1) be from the tile where that source is furthest from the tile edge (i.e. 
agged as \primary,"x3.6)

and

2a) have W1 SNR� 5 with no identi�ed artifacts (a value of 0 in the left character ofab 
ags)

or

2b) have W2 SNR� 5 with no identi�ed artifacts (a value of 0 in the right character of ab 
ags).

There are 900,849,014 sources that meet these criteria. The 167,831,546 sources that fail to meet

these criteria go into the reject �le for their tile. Individual tile reject �les typically contain 8,000

sources, although near the celestial poles they can contain over 30,000 sources due to large tile overlap.

There are 186 formatted columns of information about each source in the tile catalog �les. Reject

�les have one additional column, indicating if the source is primary in its tile. Descriptions of most

of the columns are available inxII.1.a of the AllWISE Explanatory Supplement (Cutri et al. 2013),

and Appendix A provides additional information about CatWISE columns.
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The individual Preliminary catalog and reject �les for the 18,240 tiles were transferred to the NASA

Infrared Science Archive (IRSA), where they were merged into the IRSA database. Four columns

(with names in italics in Table 4) were removed from view by IRSA, for reasons explained in that

Table. Information regarding access to the catalog is provided inx6.

CatWISE source designations should have the pre�x CWISEP for objects in the CatWISE Prelimi-

nary Catalog, and CWISEPR for objects in the CatWISE Preliminary Reject Table. The designation

for each source, based on its coordinates for the J2000 equinox following the IAU truncation conven-

tion and without the leading CWISEP or CWISEPR pre�x, is given by the �eld sourcenamewhich

is the �rst column in the �les. For example, the quasar 3C 273 is CWISEP J122906.70+020308.63

4. PERFORMANCE CHARACTERIZATION

The greatest potential for improvement of the CatWISE Preliminary Catalog over existingWISE

catalogs is in providing more accurate motion measurements, due to the much longer time base-

line compared to AllWISE. Hence, characterization has focused on astrometric properties of the

Preliminary Catalog. Photometric depth is also improved due to the four times larger number of

exposures than AllWISE. Characterization has emphasized comparison to external truth sets, using

Spitzer for photometric comparisons including completeness and reliability, andGaia for astrometric

comparisons. We begin with the photometric assessments.

4.1. Completeness and Reliability

4.1.1. Bright Sources

CatWISE completeness and reliability for sources with W1 or W2< 8 mag were assessed using an

updated version of theWISE Bright Star List (BSL) as a truth set. The list was generated by the

WISE team for artifact 
agging (seex4.4.g.vi in theWISE All-Sky Release Explanatory Supplement;

Cutri et al. 2012). To avoid degradation of completeness or reliability due to missed matches for fast-

moving sources, astrometric information for sources moving faster than 0:00275 yr� 1 was added to the

3 The CatWISE Preliminary Catalog coordinates for 3C 273 are within 0:00011 of the Gaia DR2 coordinates.
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BSL to propagate the positions of such stars to the CatWISE epoch. Astrometric information was

taken from Gaia DR2 (Gaia Collaboration et al. 2018; Lindegren et al. 2018) or, when not available

(given Gaia's known incompleteness for bright stars) from theHipparcos main catalog (van Leeuwen

2007), the Luyten Half-Second catalog (Bakos et al. 2002), or the Gliese-Jahrei� catalog (Stau�er et

al. 2010).

CatWISE completeness was determined as the percentage of sources that have astrometric matches

in CatWISE as a function of BSL magnitude. Di�erential CatWISE reliability was determined as the

percentage of sources that have astrometric matches in the BSL as a function of CatWISE magnitude.

We used a relatively large matching radius of 5:005 (corresponding to twoWISE pixels) to account for

the poorer centroiding accuracy expected for highly saturated sources.

Figure 7 shows the results for completeness, compared to those from AllWISE. CatWISE achieves

� 99% completeness in the BSL W1� 5:5 � 8 mag and BSL W2� 5 � 8 mag ranges, slightly lower

than AllWISE. For reasons that we have not investigated, CatWISE completeness drops for brighter

stars, falling to � 50% by W1� 4:3 mag and W2� 3:6 mag. AllWISE completeness remains above

90% even for stars as bright as 0.25 mag, making it preferable to CatWISE for investigations of the

brightest stars.

CatWISE reliability is � 99% for W1� 4:8 � 8 mag and W2� 4:5 � 8 mag, somewhat better than

AllWISE, as can be seen in Figure 8. (For sources without artifacts in either CatWISE or AllWISE,

the median (CatWISE - AllWISE) value over the 2.5 to 8 mag range is 0.17 mag in W1 and 0.02 mag

in W2, and the median absolute deviation is 0.08 mag in W1 and 0.02 mag in W2). Even though

completeness falls rapidly for brighter stars, CatWISE reliability is� 90% or better down to 2.5

mag. For the brightest stars, CatWISE completeness is poor, and CatWISE reliability shows large


uctuations due in part to the resulting small number statistics.

4.1.2. Faint Sources

Completeness and reliability were assessed for faint sources using theSpitzerSouth Pole Telescope

Deep Field (SSDF) survey (Ashby et al. 2013) as a truth set. The SSDF covers� 94 deg2 with 2

minutes of integration per position with Spitzer. WISE survey depth increases towards the ecliptic
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Figure 7. Di�erential completeness of the CatWISE Preliminary Catalog as a function of the Bright Star

List's W1 (left) and W2 (right), compared to AllWISE.

Figure 8. Di�erential reliability of the CatWISE Preliminary Catalog as a function of the Bright Star List's

W1 (left) and W2 (right), compared to AllWISE. Not shown are points at W2=-0.75 mag and +0.75 mag

with reliabilities of 0 and 0.5 respectively.

poles, and for the SSDF, with� � � 46� , the typical number of CatWISE exposures is 125, or 16

minutes. Nevertheless the largerSpitzer mirror diameter (85 cm vs. 40 cm forWISE) and better

image quality (2" vs. 6") makes the SSDF data more sensitive than CatWISE.

The radius used to matchSpitzerSSDF sources with CatWISE sources was 2:005, and otherwise the

methodology to determine completeness and reliability was the same as inx4.1.1. The results are

shown in Figures 9 and 10.
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Figure 9. Completeness of the CatWISE Preliminary Catalog vs. Spitzer 3:6� m (left) and 4:5� m (right)

magnitude for sources in the SSDF.

Figure 10. Reliability of the CatWISE Preliminary Catalog as a function of W1 (left) and W2 (right), for

sources in the SSDF.

At this coverage depth, the CatWISE Preliminary Catalog completeness is� 98% for sources

brighter than 13th mag, consistent with the performance seen from comparisons to the Bright Star

List ( x4.1.1), and remains above 90% for sources brighter than [3.6] = 16 mag or [4.5] = 15.5 mag,

dropping to 50% at [3.6] = 17.8 mag and [4.5] = 17.4 mag. The SSDF achieves 55% completeness at

[3.6] = 18.5 mag and [4.5] = 18.0 mag (Ashby et al. 2013).

CatWISE reliability at this coverage depth is better than 99% for sources brighter than 15th mag

in both W1 and W2, again consistent with the Bright Star List results. CatWISE reliability remains

above 90% to W1 = 18.2 and W2 = 17.6 for this ecliptic latitude and coverage depth. Reliability at

fainter magnitudes is not well determined because the SSDF data are not deep enough.
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4.2. Photometric properties

We assessed CatWISE photometric depth using both the SSDF (x4.1.2) and the COSMOS �eld.

The COSMOS �eld is an important benchmark for assessing CatWISE performance, because it has

been intensively observed, is near the ecliptic (� = � 11� ), and is at fairly high Galactic latitude

(b = 41� ). Although confusion e�ects are reduced by the high Galactic latitude, the ecliptic has the

highest zodiacal emission and lowest survey coverage fromWISE, making COSMOS a representative

base for performance estimates.

Figure 11 compares CatWISE Preliminary Catalog PSF-�tting photometry to 2:009 radius aperture

photometry from the SpitzerS-COSMOS program (Sanders et al. 2007). These observations were ob-

tained using longer integration times (20 minutes) than for the SSDF, while the CatWISE integration

is lower (12 minutes) than in the SSDF, so the S-COSMOS data are much deeper than CatWISE. The

closest CatWISE source within 2:0075 was taken as the match to the S-COSMOS source. Because the

CatWISE photometry is point source �tting, S-COSMOS sources were required to have< 10% 
ux

increase between the 1:009 and 2:009 radius apertures. In addition, because the W1 band is signi�cantly

bluer than the [3.6] band, S-COSMOS sources at [3.6] were required to have� 0:1 � [3:6] � [4:5] � 0

(see Figures 2 and 3 inxVI.3.a of the All-Sky Explanatory Supplement; Cutri et al. 2012). While

necessary for comparing W1 and [3.6] photometry, the color cut signi�cantly reduces the numbers

of sources for comparison. Figure 12 gives the analogous comparison to photometry from the SSDF

survey.

The comparison between the CatWISE andSpitzerphotometry is consistent for both �elds, in both

bands. CatWISE photometry becomes� 0:1 mag fainter than Spitzer beyond 16th mag, possibly

due to the increasing incidence of extragalactic sources at faint magnitudes. The measured scatter in

the SSDF reaches 0.217 mag, equivalent to an SNR of 5, at [3.6] = 17.64 mag and [4.5] = 16.49 mag.

Adjusting for the mean o�sets in W1{[3.6] and W2{[4.5] at these magnitudes, and subtracting 0.14

mag to adjust the SSDF 125 exposure depth to the 96 exposure depth that we take as the baseline

for the CatWISE Preliminary Catalog, we �nd that the SNR=5 limits for CatWISE are W1=17.67

mag and W2=16.47 mag.
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