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Abstract

We present a 0.3–4.5 μm 16-band photometric catalog for the Spitzer/HETDEX Exploratory Large-Area
(SHELA) survey. SHELA covers an ∼27 deg2 field within the footprint of the Hobby–Eberly Telescope Dark
Energy Experiment (HETDEX). Here we present new DECam imaging and an rizKs band–selected catalog of four
million sources extracted using a fully model-based approach. We validate our photometry by comparing with the
model-based DECam Legacy Survey. We analyze the differences between model-based and aperture photometry
by comparing with the previous SHELA catalog, finding that our model-based photometry can measure point
sources to fainter fluxes and better capture the full emission of resolved sources. The catalog is 80% (50%)
complete at riz∼ 24.7 (25.1) AB mag, and the optical photometry reaches a 5σ depth of ∼25.5 AB mag. We
measure photometric redshifts and achieve a 1σ scatter of Δz/(1+ z) of 0.04 with available spectroscopic redshifts
at 0� z� 1. This large-area, multiwavelength photometric catalog, combined with spectroscopic information from
HETDEX, will enable a wide range of extragalactic science investigations.

Unified Astronomy Thesaurus concepts: Surveys (1671); Catalogs (205); Galaxies (573); Photometry (1234)

Supporting material: machine-readable table

1. Introduction

The Hobby–Eberly Telescope Dark Energy Experiment
(HETDEX; Gebhardt et al. 2021) is an unbiased integral field
spectroscopic survey aiming to measure Lyα emission from
one million galaxies at z= 1.9–3.5 in a 540 deg2 region. The
Spitzer/HETDEX Exploratory Large-Area (SHELA) survey
(Papovich et al. 2016) is a wide-field multiwavelength
photometric survey targeting an ∼27 deg2 field within the
footprint of HETDEX. It is designed to study the physical
processes, intrinsic and environmental, driving the growth of
galaxies from z= 1.9 to 3.5. The SHELA survey has obtained
optical imaging using the Dark Energy Camera (DECam;
Flaugher et al. 2015), near-infrared (NIR) imaging using the
NOAO Extremely Wide Field Infrared Mosaic (NEWFIRM;
Autry et al. 2003) imaging instrument, and mid-infrared
imaging using the Spitzer Infrared Array Camera (IRAC; Fazio
et al. 2004) and is supplemented by a large amount of publicly
available ground-based imaging data.

Early SHELA observations have resulted in three published
catalogs. Papovich et al. (2016) presented a 3.6 and
4.5 μm catalog of the SHELA Spitzer/IRAC data set.

Wold et al. (2019) used data from the first phase of SHELA
DECam observations and presented an riz-selected catalog with
DECam ugriz photometry along with the existing IRAC data
and JKs data from the VICS82 survey (Geach et al. 2017).
Stevans et al. (2021) presented a Ks-selected catalog combining
the previous data set with Ks-band observations from the
NEWFIRM HETDEX Survey. Since then, we have completed
the second and final phase of our DECam imaging campaign in
SHELA. In this paper, we present a new photometric catalog
by combining our complete 27 deg2 DECam imaging data set
with the existing SHELA NEWFIRM and Spitzer/IRAC
observations. Apart from the new DECam imaging data that
increase both the width and depth of our survey, we discuss
below several key differences of this new catalog from the
previous ones.
In this catalog, we benefit from a number of publicly

available imaging data sets in addition to our own imaging
campaign. A crucial addition from the previous catalogs is the
Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP;
Aihara et al. 2022), which has observed the SHELA field in
grizy as a part of its fall field. The publicly available HSC-SSP
images in the SHELA field are ∼0.5–1 mag deeper than the
DECam images in Wold et al. (2019). Combining these deep
HSC-SSP images with our DECam data set allows precise
measurement of the optical spectral energy distribution (SED)
and constrains the physical properties of the galaxies. For
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example, deeper g-band imaging is important in reducing the
contamination rate in the selection of z 3–5 galaxies.

The full coverage of the SHELA field with both DECam and
NEWFIRM supplemented by HSC-SSP now allows us to select
galaxies using the optical and NIR bands simultaneously. As
opposed to riz only in Wold et al. (2019), we will be able to
detect, using the Ks band, very red galaxies that peak in the NIR,
such as massive quiescent galaxies, dusty star-forming galaxies,
and z� 7 Lyman break galaxies. On the other hand, the Ks band–
selected catalog in Stevans et al. (2021) is limited by its depth of
∼22.4 mag, and the inclusion of deep optical imaging in this
catalog that is ∼2–3 mag deeper will significantly increase the
completeness, such as for z∼ 2–5 star-forming galaxies whose
rest-frame UV emission falls in the optical wavelengths.

The previous SHELA catalogs have employed aperture
photometry using tools such as SExtractor (Bertin &
Arnouts 1996). In such an approach, the images in each band
will be homogenized to a common point-spread function (PSF),
leading to the degradation of spatial resolution in the images.
An alternative approach is to model the light profile of sources
convolved with the measured PSF. Recently, the image
modeling code the Tractor (Lang et al. 2016) was
developed to perform such model-based photometry. It has
since been implemented by a number of imaging surveys,
including the DECam Legacy Survey (DECaLS; Dey et al.
2019) and COSMOS2020 catalog (Weaver et al. 2022). The
model-based approach is crucial in extracting IRAC photo-
metry, which has a substantially larger PSF than the optical
bands. For this catalog, we extract fully model-based photo-
metry using the software package The Farmer (Weaver et al.
2022), which generates photometry using the Tractor.

The large-area, multiwavelength photometric catalog of
SHELA will enable a variety of extragalactic studies. In
particular, studies that focus on galaxies spanning a wide range
of physical parameters, galaxies residing in a variety of
environments, or the search for rare objects will benefit the
most from the large area of SHELA.

This paper is organized as follows. In Section 2, we describe
our observations and the composition of our imaging data set.
Section 3 describes the data reduction procedures for the
images. The photometry extraction using The Farmer and the
photometry validation process are described in Section 4.
Section 5 presents the photometric redshift measurements. We
give a description of the catalog published with this paper in
Section 6. In this paper, we assume a Planck Collaboration
et al. (2020) cosmology of H0= 67.4 km s−1 Mpc−1,
Ωm= 0.315, and ΩΛ= 0.685.

2. Observations and Data

We observed the SHELA field using the DECam imager on
the Blanco 4 m telescope at CTIO in the u, g, r, i, and z filters.
New data were obtained over three nights in the 2019B
semester (PI: Papovich; NOAO PID: 2019B-0080). Our
program also includes data obtained over five nights in the
2013B semester presented in Wold et al. (2019). The complete
program consists of eight slightly overlapping pointings
covering a total area of 23 deg2. The 2013B data covered six
of the eight pointings, while the new 2019B data completed the
last two pointings and obtained additional exposures in the
previous positions.

The SHELA field has been observed with DECam by
other programs, most notably the Dark Energy Survey

(Dark Energy Survey Collaboration et al. 2016) and DECaLS (Dey
et al. 2019). We supplement our data with archival DECam
imaging data within the footprint of the SHELA field in the
ugriz bands. We also include archival data in the Y band, which
was not observed by our proprietary program. All such archival
data available through the NOIRLab Astro Data Archive11 released
prior to 2021 March 3 were included for this catalog. This
results in a total of [200, 719, 735, 688, 720, 468] exposures in
the [u, g, r, i, z, Y] bands. We show the DECam ugrizY weight
maps in the SHELA field in Figure 1 to demonstrate the
footprint and relative depths of the DECam data.
We incorporate multiwavelength imaging data from surveys

overlapping with the SHELA field. Previous SHELA programs
have obtained data in the NIR and mid-infrared wavelengths.
This includes NEWFIRM Ks-band images from the NEW-
FIRM HETDEX Survey (NHS; Stevans et al. 2021) and mid-
infrared mosaics in 3.6 and 4.5 μm with Spitzer/IRAC
presented in Papovich et al. (2016). We also make use of
publicly available data from PDR3 of HSC-SSP (Aihara et al.
2022) within the SHELA field. Finally, we include J and
(shallower) Ks images from the VICS82 survey (Geach et al.
2017) obtained with VISTA and CFHT. We show the coverage
of all of the surveys included in this catalog in Figure 2.
Figure 3 shows the filter transmission curves of all of the
photometric bands used in this catalog.

3. Data Reduction

To perform model-based photometry with The Farmer,
images in each photometric band need to be resampled and
stacked to the same pixel grids. In this section, we describe the
procedures to obtain the stacked images and zero-points in each
photometric band.

3.1. DECam Images

We begin the stacking of DECam images with the NOAO
DECam Community Pipeline (CP) resampled images of each
individual exposure. The NOAO DECam CP resampled images
have been photometrically and astrometrically calibrated to a
common pixel scale of 0 27 pixel–1. The DECam exposures in
our data set were observed over a 7 yr period, and the images
were reduced using different versions of the CP. Therefore, we
recalibrate the astrometry and flux scaling of each image
uniformly prior to stacking.

3.1.1. Astrometric and Flux-scaling Calibration

We tie the astrometry of each prestack image to the Gaia
EDR3 catalog (Gaia Collaboration et al. 2021). For each image,
we first generate an initial source catalog using SEP
(Barbary 2016), a Python library that implements the core
algorithm of SExtractor (Bertin & Arnouts 1996). We
match sources in this catalog to the reported coordinates of
astrometry stars in the Gaia EDR3 catalog. We first identify
stars using their Gaia catalog colors (Bailer-Jones et al. 2019).
We then select astrometry stars as those with a G-band signal-
to-noise ratio (S/N) greater than 10 and proper motion of less
than 10″ yr−1 in the Gaia EDR3 catalog and no extraction flags
in our SEP catalog. We then calculate the median x- and y-
offset required to match the good stars to the Gaia coordinates
in each image.

11 https://astroarchive.noirlab.edu/
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Before stacking, it is common to first scale the images to a
common count level to account for differences in exposure
time and extinction. To do so, we measure a flux-scaling
factor for each image from a set of PSF stars. The PSF stars
are defined as astrometry stars from above with no neighbors
within 5″ in our initial catalog. We measure the flux of these
PSF stars in a 2 5 radius aperture, as well as an aperture that,

on median, contains 70% of the 2 5 aperture flux. The 2 5
aperture is a proxy for the total flux except for very bright
stars, but it includes substantial noise for fainter stars. The
70% aperture provides a more robust measurement of flux for
stars of a range of brightness. We divide the 70% aperture
flux by a factor of 0.7 to obtain the total flux measurements of
the PSF stars.

Figure 1. SHELA DECam ugrizY weight maps demonstrating the survey’s footprint and relative depths. The field is covered by eight DECam pointings and divided
into seven tiles of 1°. 98 × 2°. 145, labeled T1–T7, so that the tiles are roughly square. Our survey combines ugriz images from our observations with grizY archival
images released prior to 2021 March 3. We note that T1 has substantially deeper Y-band imaging due to a large number of repeated exposures in the archive.
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We then calculate the flux-scaling factor required to scale
each image to the count level of a reference image. For each
band, the reference image is selected in the T4 tile at the center
of the SHELA field and is required to have seeing in the lower
half of all images and at least 1000 PSF stars identified. The
count level of the reference image is then propagated to the rest
of the SHELA field from a list of overlapping images satisfying
the seeing and PSF star criteria, resulting in a catalog of PSF
stars at the reference count level for the entire SHELA field.
The flux-scaling factor is calculated by the median ratio
between the catalog counts and measured counts of the PSF
stars in the image. The flux-scaling factors are typically
centered at unity, with a standard deviation of ∼0.1.

3.1.2. Image Stacking

We stack the exposures to seven tiles of 1°.98× 2°.145 with a
pixel scale of 0 27 pixel–1 using SWarp (Bertin 2010). Each
tile overlaps with its neighboring tile by approximately 3′. We
apply the astrometric correction and flux-scaling factors
obtained above using an external header file. We remove any
CCDs within a DECam exposure if the number of bad pixels in
the data quality mask (DQM) exceeds 20% of the total number
of pixels. We also exclude the S7 CCD from all exposures, as it
is known to have a defective amplifier. This leaves us with 61
working CCDs for most DECam pointings. For a small number
of exposures, some other CCDs display a strong variable
background and discontinuity between the two amplifiers and
are removed from our stacking. Bleed trails from bright stars
that are not removed by the CP are identified and masked. We
then stack the exposures using the surface brightness–
optimized weights following Gawiser et al. (2006):

w
p

1

rms
, 1i

i
i

SB
2

⎜ ⎟
⎛
⎝

⎞
⎠

= ( )

where pi is the flux-scaling factor, and rmsi is the pixel-by-pixel
rms of the background in the science image. Pixels with a
nonzero DQM value are assigned a weight of zero. We utilize
the recommended Lanczos3 interpolation function to resam-
ple and coadd the images.

3.2. Non-DECam Images

We construct non-DECam images in the same tiles and
tangent points. The source images in these bands have been
previously calibrated and stacked to different tile schemes than
our SHELA tiles. We resample and mosaic the source images
to match with the DECam stacks. We first update the
astrometry of each image to match Gaia EDR3 using the same
astrometric correction procedures described in Section 3.1.1.
We do not calculate a flux-scaling factor or surface brightness–
optimized weight, as these are calibrated stacked images. We
use the available DQM and weight maps for masking and
weighting. The exceptions are NHS Ks and IRAC images, for
which only exposure maps are available instead of weight
maps. For these bands, we scale the exposure maps with the
background rms to create inverse variance weight maps. The
publicly available HSC-SSP images are previously stacked to
“patches” with overlapping edges with neighboring ones, so we
trim each image accordingly to avoid double counting weights
in those regions. The images are then resampled and mosaicked
using the same SWarp configurations as the DECam images.

3.3. Detection Images

For each tile, we construct a detection image by coadding the
DECam r, i, and z and NHS Ks bands using the CHI-MEAN
coaddition in SWarp. The CHI-MEAN coaddition method is the
normalized quadrature sum of the S/N in each band offset to be
centered at zero (see Drlica-Wagner et al. 2018). We select the r, i,

Figure 2. Exposure map of the IRAC imaging overlaid with the coverage of data from all of the surveys used in this catalog. The area included this catalog is defined
by the coverage of our own DECam program, which is completely filled by the HSC grz bands and VICS82 imaging.

Figure 3. Relative transmission curves for the photometric bands used. The effects of the filter, atmosphere, detector, and optics are included.
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z, and Ks bands to optimize the detection of higher-redshift
galaxies, as many will drop out in the u and g bands.

3.4. Zero-point Determination

We calibrate the zero-point of the DECam images to the Pan-
STARRS1 (PS1) DR2 catalog for the grizY bands and the
Sloan Digital Sky Survey (SDSS) DR16 for the u band, which
is not covered by PS1. We first identify F0 stars with S/N >10
in the reference catalogs using a color cut on their catalog
magnitudes. We select F0 stars because of their relatively flat
SEDs and large number density. We determine the expected
colors of an F0 star using the PS1 and SDSS filter transmission
curves and the Kurucz (1993) F0 SED template. We adopt the
following color cuts for the PS1 and SDSS catalogs to obtain
>2000 F0 stars in the SHELA field:

2

g r r i

i z z y

0.11 0.04

0.08 0.04 0.27 ,
PS1 PS1

2
PS1 PS1

2

PS1 PS1
2

PS1 PS1
2 2
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+ - + + - + < ( )
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3

u g g r

r i i z
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SDSS SDSS
2

SDSS SDSS
2

SDSS SDSS
2

SDSS SDSS
2 2
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( )
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We calculate the zero-points of the g, r, i, z, and Y bands
using the PS1 catalog and the u band using the SDSS catalog
following the procedures in Wold et al. (2019). Since the
DECam filter transmission curves are not identical to those of
PS1 or SDSS, we calculate the expected DECam magnitude
using a linear color relation with the reference catalog
magnitude. For example, in the g band, we assume

g g g rZPT , 4PS1
AB

DECam PS1
AB

PS1
ABa= + + -( ) ( )

where gDECam is the g-band instrumental DECam magnitude,
ZPT is the zero-point, and α is the color slope. We solve for the
zero-point and color slope in each band and tile by performing
a least-squares fit to the linear relation. The DECam magnitude
is measured using the 70% flux aperture described in
Section 3.1.1.

For the u band, a sharp 4000Å break in stellar spectra makes
the color a poor predictor of the DECam flux (see Wold et al.
2019). We instead compute the zero-point by computing the
expected magnitude offset between the DECam and SDSS
filters (Δufilter) from the filter transmission curves and F0 SED
template. The zero-point is given by

u u uZPT median . 5SDSS
AB

DECam filter= - - D( ) ( )

We subtract 0.04 from the zero-point to bring the SDSS
magnitudes into alignment with the AB magnitudes.12 We
show the distribution of the u-band instrumental DECam and
SDSS magnitudes for T1 in Figure 4. The scatter in the zero-
points among the tiles is small, with a standard deviation of
0.01–0.03 AB mag.

The HSC-SSP, NHS, VICS82, and IRAC stacks are
constructed from calibrated images, and their zero-points are
preserved throughout the stacking procedure. We verify the
final zero-points using a similar procedure as above and find
that they are consistent within the uncertainty. We thus adopt
the documented zero-points for these bands.

4. Source Detection and Photometry

4.1. The Farmer

Source detection and photometry are performed using The
Farmer, a software package that utilizes The Tractor to
perform source modeling and photometry on multiwavelength
data. A detailed description of The Farmer software package
can be found in Weaver et al. (2022). To facilitate parallel
computation, each tile is divided into 156 “bricks” with
dimensions of approximately 10 10¢ ´ ¢. Source detection,
modeling, and forced photometry are performed in each brick
independently. In this section, we describe each step in The
Farmer.

4.1.1. Source Detection

Before source detection, we mask extremely extended and
resolved sources in the brick images, since they can result in
nonconvergence in the modeling process and lead to inaccurate
photometry of sources in their vicinity. We perform an initial
source detection procedure on the detection image in each brick
using SEP with a minimum detection area of 8000 pixels to
create a segmentation map of very extended sources. Even if an
extended source is segmented and deblended into smaller
segments of <8000 pixels each, all of the segments are still
included in the mask as long as the number of connected pixels
exceeds 8000. The object regions in the segmentation map are
dilated on each side by 15 pixels to create an extended object
mask. In the HSC-SSP images, the extended object mask is
dilated by 95 pixels because of the larger bright star halos for
the instrument. The extended object masks are combined with
the masks for the detection and modeling images of each band.
Source detection in The Farmer utilizes SEP. We use the

weight maps generated in Section 3.1.2 and the masks
generated above. The values of the source detection parameters
used are shown in Table 1. After source detection, The
Farmer uses the segmentation map to identify crowded
regions with multiple nearby sources and groups them into
“blobs.” The blobs are the smallest units for source modeling,
meaning that all of the sources in a blob are modeled
simultaneously.

4.1.2. PSF Creation

To model the source profiles across multiple bands with
inhomogeneous PSFs, we need to first model the PSF in each
band and tile. This is achieved using PSFEx, which is
integrated into The Farmer. A catalog of bright sources is
first constructed using SExtractor in each tile. Unsaturated
point sources are then selected visually using the half-light
radius versus apparent magnitude diagram. The selected point
sources are then used for PSF modeling, where we allow spatial
variations in each tile using a third-degree polynomial. This
allows a spatially dependent PSF model that accounts for
variations in the image quality across each tile.

4.1.3. Source Modeling

After creating the PSF models, source modeling is performed
on a user-defined set of “modeling bands,” which is usually a
subset of all available bands. In this catalog, our modeling
bands include the DECam r, i, and z and NEWFIRM Ks bands.
This is because all of the detection bands have to be used in
modeling so that every detected source can be modeled.12 https://www.sdss.org/dr16/algorithms/fluxcal/

5

The Astrophysical Journal Supplement Series, 269:46 (16pp), 2023 December Leung et al.

https://www.sdss.org/dr16/algorithms/fluxcal/


Additionally, we include the HSC r and z bands, which have
improved depth and spatial resolution over the same DECam
bands. The HSC i band is not included, since it does not fully
cover the SHELA field. The modeling bands are then
simultaneously fitted to determine the best-fit source profiles
for each source. The Farmer allows five different models to
describe the source profiles.

1. PointSource models are used to describe unresolved
sources. They are simply the PSF of each individual
band, parameterized by the flux and source centroid.

2. SimpleGalaxy models are used to describe barely
resolved sources. They are a special case of an
exponential light profile, where the profile is circularly
symmetric and has a fixed effective radius of 0 45.13

3. ExpGalaxy models are exponential light profiles para-
meterized by the flux, effective radius, axis ratio, position
angle, and source centroid.

4. DevGalaxy models are de Vaucouleurs light profiles
parameterized by the flux, effective radius, axis ratio,
position angle, and source centroid.

5. CompositeGalaxy models are the concentric superposi-
tion of the ExpGalaxy and DevGalaxy models. They are
parameterized by the source centroid, total flux, and flux
ratio between the two models, as well as the effective

radius, axis ratio, and position angle of each of the two
models.

The best-fit model is chosen using a decision tree in The
Farmer. Briefly, it progresses from a simpler model to a more
complex model if either the improvement in χ2 is greater than a
user-defined threshold or the simpler model’s χ2 exceeds a
certain value. We select the decision tree parameters by testing
different parameters in steps on a small number of bricks. A set
of parameters that balances between sufficient modeling and
overfitting is chosen by visually inspecting the resulting source
counts as a function of magnitude. The decision tree parameters
are shown in Table 2. Figure 5 shows the distribution of
sources within a certain model as a function of HSC r-band
magnitude. Faint sources with r 24 are mostly modeled by
the PointSource and SimpleGalaxy models, as they are
unresolved or barely resolved due to their low surface
brightness. The ExpGalaxy and DevGalaxy models dominate
an intermediate range of 20 r 24, while the most complex
CompositeGalaxy model is mostly found at r 22, as the
sources become better resolved at brighter magnitudes.

4.1.4. Forced Photometry

After a source profile model is chosen using the modeling
bands, forced photometry is performed on all of the remaining
bands that are not used in the modeling process. This is
achieved by fitting each force photometric band individually by
fixing the source profiles convolved with the PSF of each band

Figure 4. Left: difference between the u-band instrumental DECam magnitude
and the SDSS reference magnitudes for the F0 stars in T1. Right: u-band
instrumental DECam magnitude vs. SDSS reference magnitudes. We apply the
expected magnitude offset calculated from the filter transmission curves of the
DECam and SDSS filters, as well as a −0.04 mag correction to align with the
AB magnitudes. See the main text for a detailed discussion.

Table 1
Source Detection Parameters

Parameter Value

THRESH 1.5
MINAREA 3
DEBLEND_NTHRESH 32
DEBLEND_CONT 0.0001
FILTER_KERNEL gauss_1.5_3 × 3.conv
FILTER_TYPE Matched
BW 128
BH 128
FW 3
FH 3

Figure 5. Distribution of source models as a function of HSC r magnitude in
T1. Sources are more resolved at brighter magnitudes. The unresolved
PointSource model and barely resolved SimpleGalaxy model dominate fainter
magnitudes of r  24. The resolved ExpGalaxy and DevGalaxy models
dominate brighter magnitudes of 20  r  24. The most complex Composi-
teGalaxy model is mostly found at r  22.

Table 2
Farmer Decision Tree Parameters

Parameter Value

PS_SG_THRESH1 0.8
EXP_DEV_THRESH 0.5
CHISQ_FORCE_EXP_DEV 1.05
CHISQ_FORCE_COMP 1.5

13 This effective radius is found to be effective for barely resolved sources in
the DECaLS imaging data (D. Lang, private communication) and is adopted for
the DECaLS catalog (https://www.legacysurvey.org/dr4/description/).
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and only allowing the flux normalizations to vary. Addition-
ally, a small positional offset is allowed in each band to account
for any potential imperfect astrometry. A Gaussian prior with a
standard deviation of 0.3 pixels is applied to the position to
prevent excessive offsets. In Figure 6, we show the image,
model map, and residual map of an example blob containing a
pair of sources separated by ∼1″ for the HSC r, NEWFIRM Ks,
and IRAC [3.6] bands. The forced photometry results in the
complete photometry in all of the photometric bands in this
catalog.

4.1.5. Duplicates

Since there is a small overlap between tiles, we identify and
remove duplicate sources in these regions. Any source within
0 5 of a source in another tile is considered a duplicate, and the
source that has a larger χ2 in the DECam r band is removed
from the combined catalog. We note that the raw data covering
these overlapping regions are identical. The only difference
between the tile images is the different resampling schemes.
We verified that the photometry of duplicate pairs is consistent
within their uncertainties.

4.2. Completeness

We perform simulations to estimate the completeness of the
catalog. We insert fake point sources with no color, i.e., equal
AB magnitudes between bands, into the science images and
attempt to recover them using the same detection and
photometry procedures as the catalog sources. For each tile,
we randomly generate 15,000 locations and fluxes for source
insertion. The fluxes are drawn from a power law–plus–
constant distribution between 20 and 27 mag. Point-source

profiles are constructed by multiplying the normalized position-
dependent PSF stamps in each band with the desired flux.
These fake point sources are then inserted into the science
images of each band at the same set of locations. We then
construct the CHI-MEAN detection image, generate bricks, and
detect sources in the same procedures. Figure 7 shows the
fraction of fake sources recovered as a function of magnitude.
Our simulations show that our catalog is 80% complete at
≈24.7 mag. After this threshold, the completeness declines to
50% at ≈25.1 mag.

4.3. Photometric Errors

We estimate point-source photometric errors using the same
set of simulations and compare them with the flux errors
reported by The Farmer. After source detection, we proceed
to measure the fluxes of the recovered sources in each band by
performing our modeling and forced photometry on the blobs
containing the recovered sources. We then measure the
photometric errors by comparing the recovered and input
fluxes in each tile and photometric band. As an example,
Figure 8 shows the median and 68th percentile of the fractional
difference between the input and recovered fluxes as a function
of the input magnitude for the DECam r, NEWFIRM Ks, and
IRAC [3.6] bands in T1. We also show the median error
reported by The Farmer in the same plot. The recovered error
is generally larger than but follows a similar trend as the error
reported by The Farmer, showing that the errors reported by
The Farmer are underestimated. We therefore estimate the
true photometric error by applying a correction to the error
reported by The Farmer.
We parameterize the fractional photometric error as

f
C

f
, 6total

2

sys
2 2 Farmer

2

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

s
s

s
= + ( )

where σtot is the total photometric error, f is the flux density,
σsys is the dimensionless systematic error, C is a dimensionless
correction factor, and σFarmer is the error reported by The
Farmer in flux density. In each magnitude bin, we take half of

Figure 6. Demonstration of model fitting and forced photometry by The
Farmer. A blob containing a pair of neighboring sources separated by ∼1″ is
shown. The image, model, and residual maps are shown from left to right. The
HSC r, NEWFIRM Ks, and IRAC [3.6] bands are shown from top to bottom.
For reference, 2″ diameter apertures centered at the source positions are shown
in red. The sources are modeled simultaneously using the rizKs bands. Forced
photometry is performed on all of the bands by fixing the source profiles
convolved with the PSF of each band and only allowing the flux normalizations
to vary.

Figure 7. Fraction of simulated sources recovered as a function of input
magnitude. The simulated sources have zero color, i.e., equal AB magnitudes
between bands. The simulations show an 80% (50%) completeness threshold of
∼24.7 (∼25.1) mag.
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the central 68th percentiles of the recovered fractional flux error
as σtotal/f, the median Farmer error as σFarmer, and the flux
corresponding to the magnitude bin center as f. We then
perform a least-squares fit to Equation (6) to find the values of
σsys and C. As the recovered fluxes fluctuate strongly at very
faint magnitudes, we only make use of the data points brighter
than than m= 25 in our fitting for the optical bands and m= 23
for the infrared bands.

The systematic error term is typically ∼5% of the flux. A
major source of systematic uncertainty is the PSF model. The
PSFEx does not return uncertainties for the PSF stamps, and
the Tractor engine assumes the PSF models to be the truth.
Therefore, the error reported by The Farmer does not account
for the effect of the uncertainty in the PSF model.

The correction factor is typically ∼1.2–1.5 for the optical
and VICS82 bands. Larger correction factors of 2 and 5 are
required for the NHS Ks and IRAC bands, respectively. The
need for a correction factor for the statistical error is likely due
to correlated pixels. The Farmer error, which is calculated by
a weighted quadrature sum of pixel errors, gives the total error
under the assumption of independent data points, i.e.,
uncorrelated pixel values, and therefore has zero covariance
terms. The science images have been interpolated and
resampled from their native pixel scales, which leads to
correlation between neighboring pixels. Furthermore, when the
PSF is significantly wider than the pixel size, a considerable
number of pixels within the PSF can become correlated. These
factors invalidate the assumption of uncorrelated pixels and
lead to nonzero covariance terms and thus underestimation of
the true statistical error. In fact, the bands that require the
largest correction factors are the IRAC bands, followed by the
NHS Ks band, both of which have the largest PSF and native
pixel size.

For each source, the total photometric error from the
simulations is given by

f C , 7i i itotal, sys
2

Farmer,
2s s s= +( ) ( ) ( )

where fi and σFarmer,i are the measured flux and error from The
Farmer for the source, and σsys and C are the values measured
by the simulations for the tile and band. In the catalog, we
report the total error derived from Equation (7), as well as the
error returned by The Farmer. The total error is likely a

conservative upper limit of the actual error, since a small
fraction of recovered sources could be mismatched to a
different source, which can lead to overestimation of the
recovered flux error. We also note that we have only simulated
point sources in our analysis, since there is an infinite number
of possible resolved source profiles. As a result, these errors are
only formally applicable to point sources.

4.4. Detection Limits

We estimate our point-source detection limits using the
photometric errors obtained in the previous section. For each
tile and band, we calculate the S/N by dividing the flux by the
photometric error. We then estimate the 5σ detection limit by
finding the median magnitude for point sources at 4.8<
S/N< 5.2. We calculate detection limits using both the
simulation-based errors and the values from The Farmer,
and the results are listed in Table 3. The simulation-based
detection limits are generally shallower than The Farmer-
based ones by ∼0.3–0.5 AB mag in the ugrizY and VICS82
bands, ∼0.8 AB mag in the NEWFIRM Ks band, and ∼1.7 AB
mag in both IRAC bands.
Here we compare our simulation-based 5σ detection limits

with previous studies. Comparing with the previous SHELA
DECam catalog by Wold et al. (2019), our DECam u-band
depths of ∼24.9–25.2 AB mag are in agreement with their
results, valued between their deeper “sky aperture” and
shallower “simulation” detection limits. Our DECam griz-band
depths are generally ∼0.5 AB mag deeper than the deeper sky
aperture in Wold et al. (2019) thanks to our additional
exposures. Our NEWFIRM Ks band reaches a depth of
∼22.3 AB mag, similar to the 22.4 AB mag in Stevans et al.
(2021) based on 2″ diameter apertures on the same Ks data set.
Our IRAC 3.6 and 4.5 μm bands reach very uniform depths of
∼22.0 AB mag and are in excellent agreement with Papovich
et al. (2016) using the same IRAC data set. In the VICS82
bands, our detection limits of ∼22.3 and ∼21.7 AB mag in J
and Ks are ∼0.8 AB mag deeper than those reported in Geach
et al. (2017) based on 2″ diameter apertures. This difference
could be due to the better seeing in VICS82. Our model-based
photometry and errors are based on fitting the light profile
convolved with the PSF model and are effectively an optimal
extraction based on the actual seeing of the images. We

Figure 8. Demonstration of our measurement of flux error by simulation of injected sources in the DECam r, NEWFIRM Ks, and IRAC [3.6] bands in T1. The data
points and error bars show the median and central 68th percentiles of the fractional flux difference between the injected and recovered sources, respectively, in each
magnitude bin. The shaded region shows the median fractional error reported by The Farmer (σFarmer/Fin). The dotted, dashed, and solid black lines show the best-
fit systematic, statistical, and total errors, respectively, as defined in Equation (6). The recovered error is substantially larger than the error reported by The Farmer in
the NEWFIRM and IRAC bands. This is likely due to a combination of larger PSF and native pixel sizes, resulting in more correlated pixels.
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Figure 9. Differential number counts of galaxies vs. HSC riz and NEWFIRM Ks magnitudes. The Poisson error bars are smaller than the data point markers. The
dashed lines show the galaxy number counts in Koushan et al. (2021), and the black solid line shows the best-fit line in Gawiser et al. (2006). Our measured number
counts agree with the reported relation up to our 50% completeness limit of r ≈ 25, beyond which the number counts fall below the relation. A slight excess of bright
galaxies is observed at m  20. This difference could by caused by the increase in measured flux for bright, resolved galaxies in model-based photometry.

Table 3
Point-source Detection Limits (5σ, AB)

DECam HSC VISTA CFHT NEWFIRM IRAC

Tile u g r i z Y g r i z Y J Ks J Ks Ks [3.6] [4.5]

Simulation

1 25.1 25.5 25.1 24.8 24.3 22.9 26.1 25.6 25.1 24.8 23.4 22.7 21.9 22.4 21.8 22.6 21.9 21.9
2 25.3 25.4 25.0 24.7 23.9 22.5 26.0 25.7 25.4 24.5 24.2 22.3 21.7 L L 22.4 21.9 22.0
3 25.4 25.4 25.1 24.7 24.1 22.3 26.1 25.8 25.7 24.5 24.3 22.3 21.8 L L 22.2 21.9 22.0
4 25.5 25.3 25.0 24.5 24.1 22.3 25.9 25.6 25.6 24.3 24.3 22.4 21.8 22.0 21.6 21.5 22.0 22.0
5 25.4 25.4 25.0 24.5 24.1 22.1 25.7 25.2 25.0 24.6 24.1 21.7 21.7 22.0 21.7 21.9 22.0 22.0
6 25.4 25.6 25.3 24.7 24.0 22.1 25.1 25.1 24.7 24.7 23.5 22.2 21.7 L L 22.3 21.9 22.0
7 25.3 25.1 24.8 24.4 24.1 22.3 25.4 24.9 24.8 24.6 L 22.1 21.0 L L 22.5 21.9 22.0

The Farmer

1 25.7 25.9 25.6 25.3 24.7 23.6 26.4 26.1 25.3 25.0 23.9 23.1 22.4 23.0 22.4 23.4 23.7 23.7
2 25.7 25.8 25.4 25.0 24.5 22.5 26.3 26.2 25.7 24.8 24.5 22.7 22.1 L L 23.2 23.7 23.7
3 25.8 25.7 25.4 25.0 24.4 22.5 26.3 26.2 25.8 24.8 24.5 22.9 22.3 L L 23.2 23.7 23.7
4 25.7 25.7 25.2 24.8 24.4 22.4 26.3 26.2 25.8 24.7 24.5 22.9 22.3 22.6 22.1 23.2 23.7 23.7
5 25.8 25.8 25.3 25.0 24.3 22.4 26.2 25.9 25.2 24.9 24.4 22.6 22.2 22.6 22.2 23.1 23.7 23.7
6 25.8 26.2 25.6 25.0 24.5 22.4 26.2 25.6 25.1 25.0 23.8 22.8 22.2 L L 23.1 23.7 23.7
7 25.8 25.4 25.3 24.7 24.3 22.5 26.1 25.6 25.0 24.9 L 22.6 21.8 L L 23.3 23.7 23.7

Note. Simulation detection limits are calculated using flux errors obtained by injecting and recovering simulated point sources in the science images. The
Farmer detection limits are calculated using the flux errors reported by the Tractor. See Section 4.3 for a detailed discussion of the differences between the two
flux error measurements.
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speculate that the 2″ diameter apertures in Geach et al. (2017)
could be too large for their images, which have a typical seeing
FWHM of 0 8–0 9 at VISTA, resulting in the inclusion of
noise and thus a shallower measured detection limit. In
comparison, the NEWFIRM Ks images in Stevans et al.
(2021), which are also measured by 2″ diameter apertures
and in agreement with our results, have a typical seeing FWHM
of ∼1 2.

4.5. Number Counts

An important test of the detection and photometry of the
catalog is to compare the galaxy number counts to the
literature. In Figure 9, we plot the differential galaxy number
counts against the measured HSC riz-band and NEWFIRM
Ksmagnitudes. We also plot the galaxy number counts
presented in Koushan et al. (2021) and the best-fit line to the
R-band number counts N Rlog 3.52 0.34= - +( ) for
20< R< 24 presented in Gawiser et al. (2006). Known stars

in our catalog are removed by cross-matching with the SDSS
DR17 star catalog. Our measured number counts agree with the
literature number counts from m≈ 20 up to [r, i, z, Ks]≈ [25,
24.5, 24.5, 23], beyond which the number counts fall below the
relation. The agreement of the slope in this magnitude range
shows that a smooth transition from the resolved to unresolved
models is achieved during the modeling process. The decline
beyond m≈ 23–25 is consistent with our completeness
simulation results, which show an 80% completeness threshold
of r≈ 24.7. A slight excess of galaxies at m 20 is observed.
This difference could stem from the increase in measured
fluxes in bright, resolved galaxies using model-based photo-
metry (see Section 4.7 for a detailed discussion).

4.6. Comparison to DECaLS

The DECaLS (Dey et al. 2019) DR9 presents photometry
using DECam imaging in the grz bands observed through 2019
March. The DECaLS data encompass most of the observing

Figure 10. Difference between the measured magnitudes in this catalog (L23) and DECaLS DR9 (LS) as a function of magnitude in this catalog. The median
magnitude difference is shown in each panel. DECaLS covers the grz bands in DECam. Both catalogs employ model-based photometry. The photometry is in
excellent agreement between the catalogs with a median offset of �0.03 mag.

Figure 11. Comparison between the measured magnitudes in this catalog (L23) and the AUTO magnitudes using Kron apertures in Wold et al. (2019; W19). The
black dashed lines show the expected 1σ magnitude difference due to photometric uncertainties in both catalogs as a function of magnitude. The photometry in this
catalog is generally within 0.1 mag of that in Wold et al. (2019), with an absolute median offset of <0.07 mag.
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dates of those used in this catalog, and the footprint covers the
SHELA field. Thus, it provides an independent reference
catalog to verify the photometry in our catalog. Moreover, the
DECaLS photometry is also based on source modeling by the
Tractor, allowing an “apples-to-apples” comparison with
this catalog. In Figure 10, we plot the difference in measured
magnitude between this catalog and DECaLS as a function of
the magnitude in the catalog for the DECam grz bands. The
photometry is in excellent agreement between the two catalogs.
The median magnitude offset is −0.01 mag in g and 0.03 mag
in r and z.

4.7. Comparison to Previous SHELA Catalog

We also compare our photometry with the previous aperture
photometry catalog presented in the DECam catalog of Wold
et al. (2019). In Figure 11, we show the magnitude difference
as a function of magnitude for the DECam ugriz and HSC griz
bands. We use the AUTO magnitudes based on Kron apertures
in Wold et al. (2019) for this comparison. Since this catalog
includes more photometric bands than Wold et al. (2019), the

HSC bands here are compared against the corresponding
DECam bands. The magnitudes in this catalog are generally
within 0.1 mag of those in Wold et al. (2019), with an absolute
median offset of <0.07 mag.
We further examine the relation between the magnitude

offset and the light profile models of the sources in the IRAC
bands, where source blending due to its lower resolution is
expected to lead to the largest difference between model-based
and aperture photometry. We compare the difference between
the model-based magnitudes in this catalog and the AUTO
magnitudes based on Kron apertures in the IRAC [3.6] band
from the IRAC catalog of Papovich et al. (2016). In Figure 12,
we show the mag'nitude difference for sources with the
PointSource, SimpleGalaxy, DevGalaxy, and ExpGalaxy
models. The PointSource model, which represents unresolved
sources and dominates at >24 AB mag, has generally similar
magnitudes as those in Papovich et al. (2016), showing a
median offset of −0.01 mag. This suggests that point-source
fluxes are accurately measured in both model-based and
aperture photometry. By contrast, the SimpleGalaxy,

Figure 13. Comparison between photometric redshifts in this catalog and SDSS spectroscopic redshifts for 13,895 sources. In the left panel, the dashed black line
shows where the photometric and spectroscopic redshifts are equal. In the right panel, the black points and error bars show the median and 68% tiles, respectively.
Outliers are mainly due to bright and highly resolved sources at z � 1 that are not adequately modeled by the available light profiles and tend to get set to specific
values of zphot.

Figure 12. Comparison between IRAC [3.6] mag in this catalog and the aperture-based SHELA IRAC catalog (Papovich et al. 2016, P16) for sources with different
models. The black dashed lines show the expected 1σ magnitude difference due to photometric uncertainties in both catalogs as a function of magnitude. The
magnitudes in P16 are measured in Kron apertures. The unresolved PointSource model results in similar magnitudes, while the resolved SimpleGalaxy, DevGalaxy,
and ExpGalaxy models result in brighter magnitudes in this catalog. The spread of magnitude for the PointSource and SimpleGalaxy models is within the expectations
from photometric uncertainties, while the more resolved DevGalaxy and ExpGalaxy models produce brighter fluxes beyond the expected 1σ spread. This suggests that
model-based photometry is more capable of capturing all of the flux from resolved sources.
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Table 4
SHELA Catalog Sample

ID R.A. Decl. Model fu,DECam eu,DECam
farmer eu,DECam

sim
u,DECam
2c fg,DECam eg,DECam

farmer eg,DECam
sim

g,DECam
2c fr,DECam

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

100401830 15.933 −0.526 PointSource 0.009 0.045 0.078 0.737 −0.052 0.031 0.05 0.744 0.015
100401831 15.882 −0.526 DevGalaxy 0.038 0.044 0.076 1.117 0.119 0.03 0.048 0.896 0.816
100401832 15.871 −0.527 PointSource 0.321 0.038 0.07 0.961 0.288 0.028 0.045 1.009 0.414
100401833 15.871 −0.526 ExpGalaxy 0.84 0.082 0.156 1.135 0.863 0.054 0.09 0.996 1.371
100401834 15.851 −0.526 PointSource −0.081 0.041 0.071 1.065 0.148 0.025 0.041 1.002 0.524
100401835 15.941 −0.526 PointSource 0.138 0.034 0.061 1.148 0.311 0.024 0.04 1.45 0.86
100401836 15.906 −0.526 ExpGalaxy 1.321 0.044 0.127 0.829 1.736 0.026 0.059 0.965 3.904
100401837 15.84 −0.528 SimpleGalaxy 0.392 0.066 0.119 0.663 0.489 0.032 0.052 1.067 1.07
100401838 15.84 −0.528 DevGalaxy 3.561 0.059 0.292 0.968 4.179 0.027 0.108 0.906 6.082
100401839 15.841 −0.529 PointSource 0.368 0.05 0.092 0.814 0.674 0.025 0.043 0.943 1.515
100401840 15.839 −0.528 SimpleGalaxy 0.128 0.062 0.108 0.816 0.309 0.031 0.051 0.922 0.61
100401841 15.838 −0.527 DevGalaxy 2.725 0.064 0.238 0.831 10.376 0.038 0.253 1.023 44.144
100401844 15.946 −0.526 PointSource −0.056 0.037 0.065 0.753 0.1 0.028 0.045 0.259 0.219
100401845 15.899 −0.526 PointSource 0.257 0.039 0.071 1.025 0.282 0.025 0.042 0.497 0.415
100401846 15.842 −0.528 SimpleGalaxy 0.092 0.064 0.112 0.396 0.249 0.033 0.053 0.622 0.384
100401847 15.842 −0.527 ExpGalaxy 10.869 0.055 0.841 1.219 24.075 0.036 0.572 4.057 36.264
100401848 15.841 −0.526 PointSource 0.349 0.042 0.078 0.744 0.393 0.027 0.045 1.06 0.792
100401850 15.919 −0.526 PointSource 0.172 0.044 0.078 0.677 0.118 0.027 0.043 1.112 0.322
100401851 15.891 −0.526 PointSource 0.322 0.043 0.079 0.805 0.245 0.028 0.045 0.568 0.455
100401852 15.846 −0.526 PointSource 0.102 0.042 0.074 0.532 0.111 0.027 0.044 0.85 0.374

er,DECam
farmer er,DECam

sim
r,DECam
2c fi,DECam ei,DECam

farmer ei,DECam
sim

i,DECam
2c fz,DECam ez,DECam

farmer ez,DECam
sim

z,DECam
2c fy,DECam ey,DECam

farmer

(14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26)

0.048 0.075 1.71 0.011 0.072 0.113 1.466 −0.292 0.116 0.172 2.005 0.663 0.993
0.048 0.08 1.183 2.26 0.081 0.142 0.889 5.478 0.13 0.378 1.016 6.553 0.827
0.044 0.069 1.337 0.571 0.063 0.099 0.809 0.585 0.108 0.163 0.759 −0.106 0.799
0.094 0.154 1.209 2.46 0.136 0.223 0.962 3.154 0.24 0.401 0.925 5.08 1.65
0.046 0.073 1.271 0.754 0.06 0.096 0.926 0.818 0.112 0.172 0.904 1.266 0.75
0.039 0.067 1.077 2.241 0.064 0.119 0.931 4.924 0.099 0.327 1.123 6.765 0.75
0.045 0.146 0.984 4.908 0.065 0.173 0.966 5.475 0.116 0.368 0.824 6.947 0.779
0.058 0.097 0.781 1.805 0.082 0.137 0.941 3.212 0.149 0.291 0.748 4.264 0.961
0.047 0.212 1.17 7.301 0.067 0.233 0.894 10.286 0.123 0.638 0.926 11.028 0.796
0.047 0.089 0.835 1.667 0.06 0.105 1.1 1.569 0.111 0.189 0.983 3.031 0.782
0.057 0.091 0.779 0.917 0.082 0.13 0.839 1.306 0.149 0.233 0.974 2.235 0.967
0.065 1.447 1.13 74.321 0.094 2.133 1.183 99.153 0.175 5.897 1.056 112.973 1.101
0.044 0.069 1.248 0.309 0.068 0.106 1.937 0.534 0.101 0.153 1.034 −0.333 0.85
0.042 0.067 0.463 0.685 0.063 0.1 0.587 1.227 0.11 0.178 1.19 1.358 0.748
0.058 0.092 1.365 0.507 0.082 0.128 0.748 0.622 0.149 0.224 1.229 2.376 0.958
0.059 1.189 5.45 46.151 0.083 1.327 4.818 48.856 0.151 2.911 2.691 53.52 0.946
0.043 0.072 1.177 1.061 0.061 0.099 0.67 1.159 0.104 0.169 1.128 2.616 0.738
0.042 0.066 1.281 0.283 0.062 0.097 1.379 0.301 0.1 0.148 1.02 −0.526 0.795
0.04 0.065 1.176 0.529 0.06 0.095 1.312 1.042 0.105 0.166 1.058 1.326 0.753
0.044 0.071 1.333 0.359 0.064 0.101 0.843 0.427 0.108 0.162 0.742 −0.214 0.793

ey,DECam
sim

y,DECam
2c fg,hsc eg,hsc

farmer eg,hsc
sim

g,hsc
2c fr,hsc er,hsc

farmer er,hsc
sim

r,hsc
2c fi,hsc ei,hsc

farmer ei,hsc
sim

i,hsc
2c fz,hsc ez,hsc

farmer

(27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42)

1.809 2.87 −0.019 0.032 0.043 2.764 −0.048 0.035 0.056 1.342 −0.002 0.047 0.058 0.543 0.018 0.081
1.553 1.123 0.118 0.027 0.035 0.925 0.62 0.033 0.061 1.093 2.261 0.056 0.15 1.041 5.224 0.094
1.455 0.88 0.267 0.022 0.03 1.39 0.297 0.027 0.045 1.346 0.273 0.041 0.053 1.692 0.469 0.071
3.02 1.033 0.758 0.056 0.078 0.767 1.323 0.073 0.132 0.929 2.324 0.123 0.205 1.115 4.208 0.193
1.368 1.003 0.138 0.021 0.029 1.388 0.429 0.027 0.048 1.254 0.495 0.042 0.06 0.846 0.697 0.076
1.42 1.129 0.263 0.03 0.04 1.363 0.661 0.035 0.064 1.275 1.872 0.075 0.144 1.109 4.532 0.088
1.475 0.967 1.617 0.027 0.061 1.029 3.664 0.036 0.179 0.943 4.623 0.054 0.28 1.018 5.309 0.086
1.768 0.877 0.538 0.035 0.049 1.5 1.049 0.044 0.085 2.056 1.78 0.06 0.128 0.907 3.177 0.111
1.582 0.974 4.039 0.031 0.13 0.999 5.682 0.037 0.27 1.489 6.726 0.046 0.4 1.435 9.674 0.088
1.435 1.074 0.577 0.023 0.035 1.388 1.188 0.028 0.071 1.527 1.355 0.035 0.091 3.018 1.576 0.07
1.765 1.157 0.303 0.034 0.046 1.169 0.667 0.043 0.076 1.02 0.947 0.058 0.091 1.051 0.898 0.114
6.807 0.985 9.681 0.048 0.302 1.044 39.347 0.073 1.828 1.591 70.062 0.096 4.129 2.137 97.593 0.162
1.548 1.316 0.038 0.024 0.031 1.544 0.199 0.026 0.043 0.238 0.189 0.073 0.091 1.669 0.464 0.091
1.364 0.581 0.278 0.022 0.031 0.664 0.439 0.026 0.047 0.821 0.719 0.04 0.066 1.269 1.023 0.072
1.751 0.739 0.149 0.035 0.046 1.07 0.341 0.043 0.071 0.939 0.442 0.058 0.077 1.476 0.589 0.117
3.53 1.112 23.398 0.055 0.718 4.947 35.523 0.069 1.65 9.816 44.173 0.079 2.604 10.12 48.97 0.138
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Table 4
(Continued)

ey,DECam
sim

y,DECam
2c fg,hsc eg,hsc

farmer eg,hsc
sim

g,hsc
2c fr,hsc er,hsc

farmer er,hsc
sim

r,hsc
2c fi,hsc ei,hsc

farmer ei,hsc
sim

i,hsc
2c fz,hsc ez,hsc

farmer

(27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42)

1.352 0.946 0.302 0.022 0.031 1.292 0.567 0.028 0.052 0.971 0.841 0.036 0.066 1.094 0.954 0.072
1.448 0.733 0.153 0.028 0.037 0.728 0.223 0.031 0.051 0.469 0.233 0.05 0.064 1.403 0.401 0.08
1.373 1.086 0.273 0.023 0.031 1.095 0.368 0.027 0.046 0.72 0.647 0.041 0.063 1.543 0.747 0.07
1.444 1.832 0.094 0.022 0.03 0.953 0.283 0.027 0.045 2.751 0.277 0.034 0.046 1.307 0.33 0.074

ez,hsc
sim

z,hsc
2c fy,hsc ey,hsc

farmer ey,hsc
sim

y,hsc
2c fK,NHS eK,NHS

farmer eK,NHS
sim

K,NHS
2c fJ,CFHT eJ,CFHT

farmer eJ,CFHT
sim

J,CFHT
2c

(43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56)

0.099 1.358 0.293 0.164 0.189 1.443 −1.659 0.322 0.627 1.103 −99.0 −99.0 −99.0 −99.0
0.3 1.118 6.788 0.259 1.046 0.995 25.276 0.365 1.946 0.993 −99.0 −99.0 −99.0 −99.0
0.09 1.106 0.169 0.202 0.228 0.907 −0.327 0.283 0.541 1.04 −99.0 −99.0 −99.0 −99.0
0.325 0.937 4.381 0.559 0.902 1.168 14.56 0.57 1.51 1.008 −99.0 −99.0 −99.0 −99.0
0.1 0.948 1.092 0.191 0.268 1.419 2.623 0.264 0.538 1.048 −99.0 −99.0 −99.0 −99.0
0.263 1.229 5.358 0.199 0.824 1.01 13.799 0.257 1.107 1.361 −99.0 −99.0 −99.0 −99.0
0.301 1.059 6.14 0.173 0.929 1.1 8.469 0.274 0.803 1.358 −99.0 −99.0 −99.0 −99.0
0.216 1.004 4.722 0.258 0.757 1.285 17.147 0.344 1.397 1.505 −99.0 −99.0 −99.0 −99.0
0.524 1.804 11.617 0.195 1.734 0.978 20.769 0.295 1.596 1.411 −99.0 −99.0 −99.0 −99.0
0.12 1.372 2.079 0.155 0.353 0.985 2.791 0.274 0.561 1.126 −99.0 −99.0 −99.0 −99.0
0.147 1.205 1.234 0.262 0.346 0.614 1.051 0.344 0.662 1.415 −99.0 −99.0 −99.0 −99.0
5.18 1.563 121.248 0.323 17.956 1.127 306.261 0.392 22.023 6.388 −99.0 −99.0 −99.0 −99.0
0.113 0.405 0.225 0.209 0.237 1.715 0.237 0.294 0.561 1.596 −99.0 −99.0 −99.0 −99.0
0.103 1.371 1.631 0.151 0.295 0.995 1.78 0.294 0.575 0.804 −99.0 −99.0 −99.0 −99.0
0.147 1.29 −0.078 0.252 0.283 1.244 1.992 0.357 0.696 1.835 −99.0 −99.0 −99.0 −99.0
2.603 3.894 55.671 0.286 8.249 1.75 64.695 0.352 4.698 1.492 −99.0 −99.0 −99.0 −99.0
0.101 1.585 1.009 0.16 0.234 0.863 1.344 0.269 0.523 0.972 −99.0 −99.0 −99.0 −99.0
0.1 0.715 0.452 0.156 0.187 1.178 −0.289 0.277 0.53 1.45 −99.0 −99.0 −99.0 −99.0
0.094 0.831 0.794 0.156 0.21 1.133 1.74 0.317 0.618 0.898 −99.0 −99.0 −99.0 −99.0
0.092 1.172 0.262 0.156 0.18 1.028 −0.0 0.283 0.54 0.597 −99.0 −99.0 −99.0 −99.0

fK,CFHT eK,CFHT
farmer eK,CFHT

sim
K,CFHT
2c fJ,VISTA eJ,VISTA

farmer eJ,VISTA
sim

J,VISTA
2c fK,VISTA eK,VISTA

farmer eK,VISTA
sim

K,VISTA
2c fch1

(57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69)

-99.0 −99.0 −99.0 −99.0 −0.222 0.411 0.627 0.498 1.668 0.755 1.109 0.428 −0.729
-99.0 −99.0 −99.0 −99.0 9.907 0.534 0.886 0.69 22.912 0.956 1.698 0.896 33.791
-99.0 −99.0 −99.0 −99.0 1.285 0.386 0.589 0.489 0.206 0.699 1.025 1.009 −2.765
-99.0 −99.0 −99.0 −99.0 10.092 1.155 1.796 0.787 12.987 2.104 3.132 0.887 22.713
-99.0 −99.0 −99.0 −99.0 0.461 0.393 0.599 0.756 0.795 0.757 1.11 0.592 1.971
-99.0 −99.0 −99.0 −99.0 6.716 0.406 0.663 0.955 12.336 0.766 1.236 0.645 13.013
-99.0 −99.0 −99.0 −99.0 5.596 0.441 0.7 0.956 5.09 0.81 1.206 1.222 5.948
-99.0 −99.0 −99.0 −99.0 5.965 0.719 1.115 0.788 18.291 1.291 2.041 1.333 31.584
-99.0 −99.0 −99.0 −99.0 12.053 0.563 0.958 0.949 16.343 0.971 1.579 1.035 31.866
-99.0 −99.0 −99.0 −99.0 1.197 0.457 0.698 0.762 1.086 0.788 1.156 0.618 4.211
-99.0 −99.0 −99.0 −99.0 2.354 0.762 1.164 0.284 0.106 1.212 1.776 1.101 −2.117
-99.0 −99.0 −99.0 −99.0 160.535 0.799 5.794 0.837 291.758 1.441 12.384 1.0 164.433
-99.0 −99.0 −99.0 −99.0 −0.507 0.408 0.622 0.714 −1.282 0.824 1.208 0.242 −0.249
-99.0 −99.0 −99.0 −99.0 0.358 0.376 0.572 0.563 2.35 0.685 1.009 1.232 4.021
-99.0 −99.0 −99.0 −99.0 2.096 0.72 1.099 0.788 −0.362 1.365 2.001 0.625 2.889
-99.0 −99.0 −99.0 −99.0 57.239 0.756 2.326 1.08 58.244 1.337 3.126 0.764 39.279
-99.0 −99.0 −99.0 −99.0 0.82 0.433 0.661 0.586 0.741 0.712 1.044 0.493 0.726
-99.0 −99.0 −99.0 −99.0 0.817 0.356 0.543 1.308 0.972 0.656 0.962 0.913 0.003
-99.0 −99.0 −99.0 −99.0 1.894 0.379 0.581 0.713 0.082 0.69 1.012 0.822 0.851
-99.0 −99.0 −99.0 −99.0 0.602 0.398 0.607 1.418 1.637 0.81 1.19 0.9 −0.01

ech1
farmer ech1

sim
ch1
2c fch2 ech2

farmer ech2
sim

ch2
2c za l68 u68 l95 u95 Nfilt a

2c
(70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83)

0.322 1.766 0.072 −1.026 0.302 1.674 0.031 6.62 3.441 12.373 0.329 14.624 16.0 18.686
0.186 1.54 0.41 26.067 0.238 1.527 0.257 0.98 0.933 1.085 0.877 1.159 16.0 4.349
0.197 1.081 0.224 −2.458 0.209 1.158 0.823 0.71 0.184 0.86 0.029 1.359 16.0 25.704
0.317 1.903 0.658 25.183 0.346 2.056 2.46 1.46 1.052 1.473 0.807 1.696 16.0 9.656
0.223 1.222 0.273 2.918 0.222 1.234 0.307 3.76 3.406 4.049 0.35 4.257 16.0 12.265
0.226 1.317 0.352 17.91 0.224 1.352 0.959 1.12 1.063 1.155 1.012 1.198 16.0 19.752
0.18 1.008 0.431 5.108 0.212 1.185 1.294 0.5 0.439 0.571 0.37 0.631 16.0 6.428
0.22 1.616 0.699 32.944 0.201 1.48 2.493 1.26 1.175 1.383 1.07 1.468 16.0 2.585
0.196 1.529 3.224 34.995 0.184 1.452 5.194 1.28 1.159 1.286 1.095 1.373 16.0 18.946
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DevGalaxy, and ExpGalaxy models, which represent resolved
sources, have generally brighter magnitudes compared with
Papovich et al. (2016), showing a median offset of ∼−0.1 mag.
This suggests that a substantial fraction of the flux can be
missed by the use of a fixed aperture on these resolved sources,
and the modeling of the light profile and PSF is needed to
capture all of the flux from these sources.

5. Photometric Redshifts

We measure photometric redshifts using the photometric
redshift code EAZY (Brammer et al. 2008). We include fluxes
in all of the photometric bands that have χ2< 10, and we use
the photometric uncertainties inclusive of the systematic error
terms and scaling factors derived from our simulations. We
require the objects to have five valid flux measurements to
ensure a well-constrained SED. We use a redshift grid from
0.01 to 15 with a step size of 0.01. We utilize the included
EAZY template set, “tweak_fsps_QSF_v12_v3,” which is
based on the Flexible Stellar Population Synthesis code
(Conroy & Gunn 2010). We also include an additional set of
six templates in Larson et al. (2022) covering bluer colors than
the included templates, which improves photometric redshifts
for bluer galaxies.

We compare our photometric redshifts with spectroscopic
redshifts in SDSS DR17. The vast majority of the sources with
available spectroscopic redshifts are at z� 1. In Figure 13, we
compare the results for the 13,895 sources at z� 1. The median
(zphot− zSDSS)/(1+ zSDSS) is 0.002, and the normalized
median absolute deviation (see Brammer et al. 2008), defined
as

z z

z
1.48 median

median

1
, 8NMAD

SDSS
⎜ ⎟
⎛
⎝

⎞
⎠

s = ´
D - D

+
( ) ( )

is 0.037. We find that 8% of the sources are 5σNMAD outliers.
The outliers are mostly attributed to imperfect source modeling
for nearby galaxies, where bright, resolved structures are not
adequately described by any of the light profiles used. An
indicator of an inadequate fit is the χ2 of the source modeling
process. We find that the median χ2 in the DECam r band for

the 5σNMAD outliers is 3.0 compared with 1.9 for all of the
sources, suggesting a generally worse fit in the outliers. This
shows that the photometry of these outliers is less accurate than
the rest of the sample. The number of outliers can be
significantly reduced by applying a χ2 threshold during sample
selection. We note that this effect is most prominent for the
bright, z� 1 sources that are being compared here, since these
sources can be sufficiently resolved so that none of the model
light profiles used can adequately describe the observed light
distribution. In general, the χ2 values are close to unity at
magnitudes 22 mag, indicating good photometry. Further-
more, the comparison here includes any available photometric
redshift measurements in the catalog, while in actual applica-
tions, it is common to apply additional physically motivated
selection criteria, such as flux and/or S/N thresholds in
specific photometric bands, which is expected to further reduce
the outlier fraction. None of the zSDSS� 1 galaxies compared
here have a photometric redshift of zphot� 10.

6. The SHELA Photometric Catalog

We publish with this paper the full SHELA photometric
catalog. In Table 4, we show a sample of the catalog. The
catalog contains a unique source ID and J2000 coordinates for
each source. We also report the best-fit light profile model
selected by The Farmer. For each band, we report the
measured flux, the flux errors from both The Farmer and our
simulations, and the χ2 of the light profile fit. Fluxes and flux
errors are in microjanskys. We recommend using the simula-
tion-based flux errors for most purposes. We advise against
using fluxes with a corresponding χ2? 10 for science. Finally,
we list the photometric redshift information from EAZY,
including the best-fit redshift, 68th and 95th percentiles,
number of filters used in the fit, and χ2 of the fit. Entries
with no valid data are shown as −99.

7. Summary

In this paper, we have presented the ugrizYJKs plus 3.6 and
4.5 μm photometric catalog that reaches a 5σ depth of ∼25.5

Table 4
(Continued)

ech1
farmer ech1

sim
ch1
2c fch2 ech2

farmer ech2
sim

ch2
2c za l68 u68 l95 u95 Nfilt a

2c
(70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83)

0.194 1.075 1.153 10.996 0.182 1.062 6.152 3.81 3.727 4.008 3.603 4.119 16.0 28.584
0.22 1.206 0.395 −1.335 0.196 1.089 0.959 0.01 0.066 0.528 0.016 0.72 16.0 12.114
0.24 5.769 1.474 138.974 0.213 4.276 2.637 0.37 0.309 0.417 0.251 0.462 16.0 1.449
0.297 1.628 0.08 0.55 0.282 1.565 0.152 4.22 0.371 4.427 0.07 4.723 16.0 11.391
0.25 1.379 0.142 1.575 0.256 1.422 0.383 1.05 0.865 1.194 0.129 1.333 16.0 7.751
0.231 1.27 1.307 1.243 0.216 1.196 0.067 0.71 0.527 3.691 0.145 4.134 16.0 11.971
0.215 1.784 0.801 28.336 0.201 1.392 1.231 0.11 0.061 0.18 0.018 0.237 15.0 1.808
0.2 1.093 0.811 1.262 0.188 1.041 0.2 0.42 0.398 0.66 0.169 0.745 16.0 10.175
0.267 1.465 0.289 −0.167 0.237 1.311 1.212 0.39 0.235 1.291 0.035 3.769 16.0 5.789
0.253 1.387 0.142 2.573 0.235 1.304 0.441 0.88 0.254 1.078 0.032 1.432 16.0 9.086
0.267 1.461 0.203 0.719 0.23 1.274 0.2 0.45 0.36 4.002 0.145 4.277 16.0 5.146

Note. (1) Unique object ID number. (2) Object R.A. (J2000) in decimal degrees. (3) Object decl. (J2000) in decimal degrees. (4) Best-fit light profile model. (5)–(76)
Measured flux in microjanskys, flux error from The Farmer in microjanskys, flux error from our simulations in microjanskys, and χ2 in the profile fitting for each
band. (77) EAZY minimum χ2 photometric redshift. (78)–(81) EAZY lower and upper 68th and 95th percentiles of photometric redshift. (82) Number of filters used
in EAZY fit. (83) EAZY minimum χ2 value.

(This table is available in its entirety in machine-readable form.)

14

The Astrophysical Journal Supplement Series, 269:46 (16pp), 2023 December Leung et al.



AB mag for over four million sources in the ∼27 deg2 SHELA
field. We performed fully model-based photometry using The
Farmer and validated our photometry with the model-based
DECaLS DR9 catalog. We compared the model-based
photometry with the previous aperture photometry catalogs.
We find that model-based photometry can accurately measure
point-source fluxes and capture the full extended emission of
resolved sources. We also presented photometric redshifts for
the catalog, which show good agreement with available
spectroscopic redshifts.

Science investigations requiring a large survey area and/or
sample size will particularly benefit from SHELA. We intend to
combine the multiwavelength photometry in this catalog with
optical spectroscopy from HETDEX to characterize the
properties of spectroscopically detected Lyα emitters. The
large sample size achievable in SHELA is crucial in over-
coming systematics due to small-scale variations and the
geometry of dust and the interstellar medium affecting Lyα
escape (e.g., Chavez Ortiz et al. 2023), allowing us to
determine global physical properties that promote Lyα
emission. We also intend to utilize the SHELA catalog to
identify massive quiescent galaxies at z> 3 (e.g., Chworowsky
et al. 2023), whose rarity necessitates a large search area. The
large-area, multiwavelength photometric catalog of SHELA
will enable a wide range of extragalactic studies.
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