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Abstract

We present new Spitzer Infrared Array Camera (IRAC) 3.6 and 4.5 μm mosaics of three fields, E-COSMOS,
DEEP2-F3, and ELAIS-N1. Our mosaics include both new IRAC observations as well as reprocessed archival data
in these fields. These fields are part of the HSC-Deep grizy survey and have a wealth of additional ancillary data.
The addition of these new IRAC mosaics is critical in allowing for improved photometric redshifts and stellar
population parameters at cosmic noon and earlier epochs. The total area mapped by this work is ∼17 deg2 with a
mean integration time of ≈1200s, providing a median 5σ depth of 23.7(23.3) at 3.6(4.5) μm in AB. We perform
SExtractor photometry both on the combined mosaics as well as the single-epoch mosaics taken ≈6 months apart.
The resultant IRAC number counts show good agreement with previous studies. In combination with the wealth of
existing and upcoming spectrophotometric data in these fields, our IRAC mosaics will enable a wide range of
galactic evolution and AGN studies. With that goal in mind, we make the combined IRAC mosaics and coverage
maps of these three fields publicly available.

Unified Astronomy Thesaurus concepts: Astronomy data analysis (1858); Astronomy data acquisition (1860)

1. Introduction

Over the last three decades, multiwavelength extragalactic
surveys have transformed our understanding of how galaxies
formed and evolved from the earliest epochs to the present day.
Surveys have revealed the strong growth in the cosmic star-
formation rate density from z∼ 0–1, with a peak in stellar mass
buildup at z∼ 1–3, also known as “cosmic noon.” This epoch
is also when the cosmic black hole accretion rate peaks (for a
review see Madau & Dickinson 2014). The present-day Hubble
sequence appears to be the result of multiple physical processes
that build up, quench, and transform galaxies. These processes
depend on mass and redshift and operate on different
timescales, and in different environments.

While we have made a lot of progress, we do not yet know
how all of these pieces fit together. In particular, studying

galaxy evolution in the context of the cosmic web requires
surveys deep enough to reach below M* at cosmic noon, yet
covering >10 deg2 for a representative volume allowing for
the study of galaxies in different environments as well as the
study of rare populations (see e.g., Krefting et al. 2020). Spitzer
Infrared Array Camera (IRAC) coverage is critical in allowing
for more accurate stellar population parameters (e.g., Muzzin
et al. 2009). For example, for intermediate to high-redshift
galaxies (0.8< z< 3), IRAC imaging are absolutely critical for
the UVJ diagnostic (e.g., Whitaker et al. 2013), as the rest-
frame V− J color cannot be directly measured.
IRAC photometry in combination with precise photometric

redshifts was essential to prove galaxy bi-modality and the
existence of quiescent galaxies out to z∼ 3.5 (e.g., Labbé et al.
2005; Caputi et al. 2017; Feldmann et al. 2017; Hill et al. 2017;
Forrest et al. 2018; Merlin et al. 2018; Sherman et al. 2021) .
Moreover, IRAC imaging has been the only way, until the
recent advent of the James Webb Space Telescope, to probe the
rest-frame optical wavelengths of very high-redshift galaxies
(up to z∼ 10; e.g., Labbé et al. 2010, 2013; Strait et al. 2020;
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Laporte et al. 2021; Stefanon et al. 2021; Bouwens et al. 2022;
Stefanon et al. 2022). Figure 2 shows a comparison of Spitzer
surveys covering the full area versus depth parameter space.
Spitzer surveys that balance the requirements of wide
(>10deg2) area with sufficient depth (>23 mag or 2 mJy)
needed to reach below M* at cosmic noon and z∼ 5–6 for
massive galaxies include SERVS (Mauduit et al. 2012), as well
as the Spitzer coverage of the planned Vera Rubin Observatory
survey DeepDrill fields (Lacy et al. 2021), and the Euclid Deep
Field South (Laureijs et al. 2011; Scarlata et al. 2019). For
galaxy evolution studies and for the derivation of robust stellar
population properties, multiwavelength coverage from the u
band to the optical need to complement the IRAC data.

Until the advent of the next generation facilities like the Vera
Rubin Observatory, the HSC-Deep survey (Aihara et al. 2019)
provides the highest-quality grizy coverage down to r of 27.4
AB mag across 27 deg2 split among four fields: XMM-LSS,
E-COSMOS, Deep2-F3, and EN1.20 This is a three tiered
imaging survey that uses the Hyper Suprime-Cam (HSC;
Miyazaki et al. 1998) designed to address a wide range of
astrophysical questions. These four fields also have matching
depth U-band coverage from the CLAUDS survey (Sawicki
et al. 2019). However, their IRAC coverage was more patchy.
All of XMM-LSS as well as part of EN1 already have
sufficiently deep IRAC coverage through SERVS and Spitzer
DeepDrill (Mauduit et al. 2012; Lacy et al. 2021) as does the
central part of the E-COSMOS field (Scoville et al. 2007).

In this paper, we present additional Spitzer observations that
complete the IRAC coverage of the HSC-Deep fields to an area
of 17 deg2. We also present and publicly release scientific
mosaics, coverage maps and basic SExtractor photometry
thereof. We combine our new data with reprocessed archival
data in these fields. The paper is organized as follows.
Section 2 describes all the programs that have been used to
create single, contiguous deep images in the 3.6 and 4.5 μm
bands. Section 3, describes how the mosaics and coverage
maps were produced as well as discusses the image quality and
depth. Section 4 describes the SExtractor photometry, and the
associated number counts. Section 5 presents a discussion of
the projected scientific impact of these data. All coordinates
refer to the J2000 system. All magnitudes are in the AB system.

2. Observations

2.1. Additional Spitzer IRAC Observations

In Cycle 14, we were awarded 488.33 hr on the Spitzer
Space Telescope to extend the Spitzer IRAC coverage in
E-COSMOS, Deep2-F3, and EN1 (PID:14081; PI: A. Sajina).
The observing strategy followed that of the SERVS (Mauduit
et al. 2012) and Spitzer DeepDrill surveys (Lacy et al. 2021),
with six small cycling dithers per pointing, using 100 s
frametime. These Astronomical Observation Requests or AORs
tile the desired areas with small overlaps to minimize gaps
given the potential differences in relative orientation. The
AORs are grouped into two observing epochs, separated by ≈6
months, which helps remove any moving objects such as
asteroids. In addition, the observations of the two channels are
carried out simultaneously but are slightly offset on the sky.
Every six months, the orientation of the telescope rotates by
180°, effectively flipping the relative orientation of the two
channels. Thus the two epochs help maximize the area of
overlap between the two channels. A summary of the new
observations in these fields is presented in Table 1. This
summary includes the number of AORs per field and per
epoch.

2.2. Archival IRAC Data

In this section, we discuss the archival Spitzer IRAC data
that have been combined with our new observations to produce
our final IRAC mosaics.

1. DEEP2-FIELD3 (DEEP2-F3) is a 4 deg2 field at
R.A.= 23h, decl.=−00d. This field was previously
mapped by SpIES (Timlin et al. 2016), which extended
over about 100 deg2 of the SDSS Stripe82 field (PID
90045; PI G. Richards). These data, however, are shallow
with only 60 s exposures per pointing. These data are so
shallow that we decided to not combine them with our
observations.

2. E-COSMOS is a 5 deg2 field at R.A.= 10h, decl.= 2d

whose central 2 deg2 covers the original COSMOS field
(Scoville et al. 2007). COSMOS has previous IRAC data
coverage coming from multiple surveys, e.g.,
S-COSMOS (Sanders et al. 2007), the Spitzer Extended
Deep Survey (Ashby et al. 2013, SEDS), S-CANDELS,
(Ashby et al. 2015), Star Formation at 4 < z < 6 from the
Spitzer Large Area Survey with Hyper Suprime-Cam

Table 1
Summary of New Observations

Field/Epoch Obs. Date # AORs Integration Time (s)

E-COSMOS:
Epoch 1 2018/09/13-2018/09/20 48 600a

Epoch 2 2019/03/16-2018/03/30 48 600
DEEP2-F3:
Epoch 1 2018/09/28-2018/10/13 73 600
Epoch 2 2018/03/11-2018/03/19 72 500b

EN1:
Epoch 1 2018/11/30-2018/12/06 38 500
Epoch 2 2019/06/11-2019/06/19 38 400

Notes.
a This is the per pixel exposure time in both channel1 and channel2.
b Fields with existing shallower coverage, including SWIRE in EN1 and SpIES in Deep2-F3, have slightly lower exposure times.

20 For clarity, the expanded names of these fields are: the XMM Large Scale
Structure field (XMM-LSS), the Extended COSMOS field (E-COSMOS), the
Deep2 survey Field 3 (Deep2-F3), and the ELAIS survey North1 field (EN1).
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(SPLASH; Steinhardt et al. 2014), and Spitzer Matching
survey of the UltraVISTA ultradeep Stripes (SMUVS;
Ashby et al. 2018).

3. ELAIS (European Large Area ISO Survey) North 1
(EN1) is a ∼8 deg2 field at R.A.= 16h decl.=+55d that
was previously imaged in its entirely in both 3.6 and
4.5μm as part of the Spitzer Wide-area InfraRed
Extragalactic survey (SWIRE; Lonsdale et al. 2003).
However these data are shallow with only 80 s exposures
per pointing. A subsection of 2 deg2 of this field has
exposures of 1200 s per pixel from the Spitzer Extra-
galactic Representative Volume Survey (SERVS; Maud-
uit et al. 2012). Our combined mosaic for EN1 includes
both SERVS and SWIRE in addition to the new
observations described in Table 1. The SERVS data in
EN1 were obtained early in the Spitzer warm mission and
subsequently the absolute calibration of the instrument
was adjusted. To correct for this calibration difference,
multiplicative factors of 1.041 in the 3.6μm channel and
0.980 in the 4.5μm channel were applied to the SERVS
data before including them in the combined mosaics as
described in the following sections (see also Lacy et al.
2021).

In Table 2, we list all the programs that have been used to
derive the master mosaics in COSMOS and EN1.

Figure 1 shows the IRAC coverage maps of all four HSC-
Deep fields. For completeness, this includes XMM-LSS, which
was observed as part of the Spitzer DeepDrill survey (Lacy
et al. 2021). The coverage maps for the other three fields are
discussed in more detail in the subsequent sections of this
paper. For all fields, we overlay the most crucial ancilary data
including the HSC-Deep, CLAUDS, and near-IR surveys. The
later include the VIDEO survey (Jarvis et al. 2013), the VEILS
survey, and the UKIDSS survey (Lawrence et al. 2007). It can
be seen that with the addition of our new IRAC observations,
we now have deep IRAC coverage to go with the areas of
overlapping U through near-IR coverage. Note that in this
paper we only present the IRAC mosaics for EN1, Deep2-F3,
and E-COSMOS. The mosaic for XMM-LSS is presented in
Lacy et al. (2021). Figure 2, shows the area and sensitivity of
our mosaics (see Section 3.2.2) in the context of other surveys
at 3.6 μm.

3. Mosaic Construction and Characterization

3.1. Data Reduction

We downloaded the Spitzer pipeline processed data for all
AORs (see Table 1) observed within this program as well as
from archival programs in these fields from the Spitzer Heritage
Archive. All AORs observations are reduced to basic calibrated
data (cBCD), using the Spitzer Science Center (SSC)
calibration pipeline. In this step, the SSC subtracts dark
current, performs detector linearization and flat-fielding,
corrects for artifacts like column pull-ups and pull-downs,
multiplexer bleed, first frame effect etc., Then it provides
uncertainty estimates, bad pixel mask, and cosmic-ray rejection
masks for each frame. Moreover, the images are absolutely
calibrated into physical units (i.e.,
MJy sr−1= 10−17erg s−1 cm−2 Hz−1 sr−1).
Then, we use the reduction pipeline described in Labbé et al.

(2015), Annunziatella et al. (2018) and Stefanon et al. (2021) to
postprocessed the cBCDs. Basic calibrated data from different
programs were generated using different SSC pipeline versions
over the years. This particularly affects astrometry, image
distortion refinements, and artifact correction. By postproces-
sing all cBCDs with the same reduction pipeline, we overcame
these issues in our final mosaics. The reduction process consists
in a two- pass procedure, where each AOR is reduced
independently. The first pass includes: initial background and
bias structure estimation from a median of all the frames in the
AOR and the consequent subtraction; the correction of column
pull-up and pull-down introduced by cosmic rays and bright
stars; and persistence masking and muxbleed correction
rejecting all highly exposed pixels in the subsequent four
frames.
The second pass includes cosmic-ray rejection, astrometric

calibration, and an accurate large-scale background removal.
Cosmic rays are removed by using an iterative sigma clipping
method. The background level is first estimated as the median
of the frames in each AOR masking sources and outlier pixels.
Then, it is refined by clipping pixels associated to objects and
subtracting the mode of the background pixels. Single back-
ground-subtracted frames are then combined into a mosaic
(using WCS astrometry to align the images). In this step, we
masked bad pixels and applied a distortion correction in WCS.
This image, in combination with the reference image, is then
used to refine the pointing of the individual mosaics. The
individual pointing-refined frames are registered to and
projected on the reference image. The reference images for
the three fields are the z-band images from the HSC-Deep
survey from the second public release (pdr2). For these images,
the astrometric calibration was carried out against the Pan-
STARRS1 DR1 catalog (Chambers et al. 2016; Aihara et al.
2019). The pdr2 website does not release the entire mosaic of
each field, but each of them has been divided in tracts of
1.7× 1.7 deg2 (Aihara et al. 2019), and each tract in turn into
81 patches of 12 12~ ¢ ´ ¢. We downloaded the patches
related to each field from the website and combined them in
tracts using the python code available on the website. Then, we
combined all the tracts of a field using SWarp (Bertin et al.
2002), while resampling them to a pixel scale of 0 6 pixel−1

(0.5×the IRAC original pixel scale). For each field, we produce
different end-type images:

1. Single-epoch mosaics;
2. Epoch 1 and Epoch 2 combined mosaic;

Table 2
Archival IRAC Data

Field Name PID # AORs Reference

E-COSMOS:
S-CANDELS 80057 100 Ashby et al. (2015)
S-COSMOS 20070 52 Sanders et al. (2007)

SEDS 61043 36 Ashby et al. (2013)
SMUVS 11016 378 Ashby et al. (2018)
SPLASH 90042 563 Steinhardt et al.

(2014)
COMPLETE 13094 356 Labbé et al. (2015)
COMPLETE2 14045 34 Stefanon et al.

(2018)
EN1:

SWIRE 80096 44 Lonsdale et al.
(2003)

SERVS 61050 91 Mauduit et al.
(2012)
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3. Combined data of all the observations available in
that field.

While we made a master mosaic of E-COSMOS that includes
all of IRAC data, most of our analysis is based on the
combination of S-COSMOS plus our new observations which
pad out the “corners” of the classical COSMOS field. We chose
to do so in order to keep to a relatively uniform depth.

The left-hand side of Figure 3 shows for illustration the final
IRAC EP1+EP2 mosaics relative to the reference HSC z-band
image. This figure illustrates the good overlap between the
channel1 and channel2 coverage of each field thanks to the
AORs being split into 2 epochs 6 months apart. The right-hand
side of Figure 3 shows the coverage maps in this field based
only on our new data. These both illustrate the observing
strategy as well as the highly uniform coverage in DEEP2-F3
where the mosaic is essentially all our own data. By contrast,
Figure 4 shows the more variable exposure in E-COSMOS
(especially the deeper data in the central 2 deg2) and EN1
(where the shallower outskirts are the SWIRE data, whereas the
deeper irregular shaped center is SERVS+our data).

3.2. Mosaic Quality Verification

In this section, we describe the quality of the final mosaics in
both channels for each of the three fields presented in the
previous section. To this end, we use all of the available data in
EN1 and DEEP2-F3, and only the data corresponding to this
program and to S-COSMOS for the E-COSMOS field.

3.2.1. Point-spread Function

To characterize the full width half maximum (FWHM) of the
point-spread function (PSF) of these mosaics we define a
sample of ∼100 bright, isolated and unsaturated point sources
in each channel and each field. We identified the stars from the
SExtractor catalogs in each filter and each field, by combining
several methods described in Annunziatella et al. (2013) and by
visually verifying them. This sample is used to derive the
FWHMs of the IRAC images. The derived FWHM are listed in
Table 3. The FWHM varies from 1 69 in EN1 to 1 77 in
DEEP2-F3 at 3.6 μm, while it varies from 1 60 in EN1 to 1 67
at 4.5 μm. We also used this sample to construct stacked PSF
images in each field and each channel. These images showed a
fairly stable PSF across the fields. For a more quantitative
assessment, Figure 5 shows the curves of growth across each
field (and for all fields combined) where the top panels are for
the 3.6 μm channel whereas the bottom panels are for the

Figure 1. The key ancillary data for the four HSC-Deep fields. Greyscale background shows the IRAC exposure maps, with overlaid the footprints of CLAUDS U-
band (blue outline), HSC-Deep grizy (pink), and several near-IR surveys (hashed cyan). The total area of overlap of CLAUDS+HSC-Deep+near-IR+IRAC is
≈18 deg2.
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4.5 μm channel. Each curve is normalized to the flux in a 6 ″
aperture. Such curves of growth were constructed for each of
our ∼100 unsaturated bright point sources. Figure 5 also shows
relatively little spread among our sample of bright unsaturated
stars, consistent with a stable PSF across the mosaics. We use

the median growth curve in each field to derive the median
half-light and 75%-light radii, i.e., the radii that contain 50%
and 75% of the light, respectively. These values are reported in
Table 3, together with their 1σ uncertainties. We checked for
possible variations of the growth curves when using EP1, EP2,
EP1+EP2, or combined mosaics, and we did not find any. For
this reason, we only report the result obtained when using the
combined mosaics (e.g., EP1+EP2 for DEEP2-F3, EP1+EP2
+S-COSMOS for E-COSMOS, and EP1+EP2+SWIRE
+SERVS for EN1).

3.2.2. Depth

To estimate the depth of each mosaic, we use the “empty
aperture” method to empirically determine the noise properties
of our IRAC mosaics, following the same approach as in
Annunziatella et al. (2018). Briefly, we randomly place a large
number of apertures on the noise-normalized images (obtained
by multiplying the images by the square root of the coverage
maps), reject all apertures falling on sources (identified by
SExtractor; see Section 4), and measure the flux in the
remaining ones. We chose an aperture size of 3″ and measure
the flux in ∼4000 apertures in each field and each channel. A
histogram of the measured fluxes is constructed for each field in
both 3.6 μm and 4.5 μm. These histograms are all well fitted
by Gaussians. The best-fit widths (σbest−fit) of these histograms
can be converted to 3σ magnitude depths derived using the
empty aperture method according to

( )[ ]

( )

AB ZPdepth 3 2.5 log
3

COVERAGE MAP
,

1

best fits
s

= - +-
⎜ ⎟
⎛
⎝

⎞
⎠

where ZP is 20.04 for all images. Note that here the division by
the square root of the coverage map (aka the exposure time per
pixel) reverses the procedure above when we generated noise-
normalized images.

Figure 2. Depth vs. area for extragalactic surveys at 3.6 μm. Stars indicate
surveys taken during the postcryogenic phase of Spitzer as Exploration Science
or Frontier Legacy surveys. The circles show surveys taken during the
cryogenic mission of Spitzer as cyan circles. Our program SHIRAZ is marked
as a magenta diamond. References: SpIES (Timlin et al. 2016), SWIRE
(Lonsdale et al. 2003), SERVS-DeepDrill (Lacy et al. 2021), SERVS (Mauduit
et al. 2012), SPLASH (Steinhardt et al. 2014), S-COSMOS (Sanders
et al. 2007), COMPLETE (Labbé et al. 2015), SpUDS (Kim et al. 2011),
SEDS (Ashby et al. 2013), SMUVS (Ashby et al. 2018), S-CANDELS (Ashby
et al. 2015), SIMPLE (Damen et al. 2011), and GOODS (Dickinson
et al. 2003).

Figure 3. The left-hand side shows the reference z-band mosaic for the DEEP2-F3 field overlaid with the 3.6 and 4.5μm mosaic contours. This shows the good degree
of overlap between the mosaics of both channels thanks to the two observing epochs. The right-hand side shows the coverage maps for the DEEP2-F3 field for both
channels. These only include our new Spitzer observations and therefore help illustrate our observing strategy. These clearly show the tiling of the individual AORs
each of which consists of 3 × 3 IRAC pointings.
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Figure 6 shows the 3σ magnitude depth for each field and
each channel. As expected, regions with higher exposure times
(see Figures 3 and 4) also have fainter 3σmagnitude depths.
Table 4 lists the 15th, 50th, and 75th percentiles of the 3σ

magnitude depths in both 3.6 and 4.5 μm in an aperture of
D= 3″ as derived with the empty aperture method. As
expected the depth is shallowest for the EN1 field, channel 2,
where we have the lowest exposure time (see Table 1). We also
converted these to the more conventional 5σ values and found
that on average the 5σ depth is 23.7 at 3.6 μm and 23.3 at
4.5 μm. This is comparable to the depths of the SERVS
(Mauduit et al. 2012) and Spitzer DeepDrill (Lacy et al. 2021)
surveys.

4. SExtractor Photometry and Number Counts

The state-of-the-art approach to extract IRAC photometry
from wide and deep surveys consists in the adoption of
software that accounts for: 1. PSF spatial variations across the
field and 2. source confusion. As described in Section 3.2.1,
our mosaics show a fairly stable PSF, but with not completely
negligible PSF variation across with position. Addressing
IRAC source confusion involves a higher resolution “prior”
image that helps define the positions and shapes of the blended

Figure 4. The coverage maps for E-COSMOS (top) and EN1 (bottom). Here we have incorporated both our new as well as archival IRAC data leading to a
inhomogeneous depth. For example, the shallower area on the outside of the EN1 mosaic comes from the SWIRE survey, but the irregular shaped deeper patches are
all within the HSC-Deep footprint (see Figure 1). These E-COSMOS coverage maps include all available IRAC data, although to avoid the large contrasts in depths in
this field, we did our image quality assessments on the new data plus S-COSMOS alone (which is what is shown in Figure 1 for E-COSMOS).

Table 3
Characteristics of the IRAC Observations

Filter FWHM 50% Light Radius 75% Light Radius
(μm) (″) (″) (″)

E-COSMOS:
3.6 1.72 0.10

0.14
-
+ 1.15 0.04

0.04
-
+ 1.80 0.06

0.07
-
+

4.5 1.61 0.08
0.10

-
+ 1.17 0.04

0.04
-
+ 1.91 0.04

0.03
-
+

DEEP2-F3:
3.6 1.77 0.08

0.14
-
+ 1.15 0.04

0.05
-
+ 1.80 0.04

0.05
-
+

4.5 1.67 0.11
0.12

-
+ 1.15 0.05

0.03
-
+ 1.90 0.07

0.04
-
+

EN1:
3.6 1.69 0.18

0.22
-
+ 1.21 0.06

0.05
-
+ 1.86 0.05

0.04
-
+

4.5 1.60 0.10
0.12

-
+ 1.18 0.07

0.07
-
+ 1.93 0.04

0.03
-
+
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sources (e.g., Nyland et al. 2017). We are working on such
forced photometry for our mosaics, in the near future and
indeed, the resultant photometry will be included in multiband
photometric catalogs to be released from the HSC collabora-
tion. For this paper, we perform basic SExtractor (Bertin &
Arnouts 1996) photometry on our mosaics, both the combined
ones as well as the single-epoch ones. Photometry extracted
from the IRAC images alone (as here) without higher angular
resolution priors is subject to source confusion. We refer the
reader to Lacy et al. (2021) for more detail on how confusion
affects their IRAC photometry given that they have data of
similar depth. With this caveat in mind, the basic photometry
presented here serves the purpose of further characterizing the
mosaics including the resultant number counts in each field.
Future catalogs will only consider the combined deeper
mosaics.

First, we ran SExtractor on the single-epoch images from
this work and compare the photometry between the two
different epochs. We found significant (above 3σ), flux
variation for only 0.2% of sources with m3.6> 18, some of
which may be genuine variable sources and some due to
photometry errors. Then, we ran SExtractor on the mosaics in
the EN1, E-COSMOS, and DEEP2-F3 fields. As in Section 3.2,
we consider only data from this program for DEEP2-F3, the
combination of this program and S-COSMOS in E-COSMOS
and the combination of this program, SWIRE, and SERVS for
EN1. The parameters used for the catalog extraction are shown
in Table 5 and are the same used in Lacy et al. (2021).

Overall, this analysis resulted in 434K total sources in
Deep2-F3, 243K sources in EN1 and 630K sources in
E-COSMOS. These numbers are lower limits on the IRAC
sources we will eventually have in these fields, as the forced

photometry will allow us to reach deeper levels than blank sky
photometry such as the present SExtractor run (Nyland et al.
2017).

4.1. Astrometric Accuracy

We matched the obtained catalogs to Gaia Data Release 3
(DR3; Lindegren et al. 2018; Torra et al. 2021). The IRAC
pointing is calibrated using the HSC-z-band reference image.
We matched the position of the sources in our catalogs with
those from Gaia DR3 using a 1 0 match radius. Around ∼4%
of the sources in the three fields have counterparts in Gaia DR3.
The results are shown in Table 6, where we list the median
systematic offset between Spitzer and Gaia DR3 positions (R.
A.) and (decl.), along with the scatter σ (R.A.) and σ (decl.),
representing the positional accuracy of a typical source in our
fields. All systematic offsets are < 0 1.

4.2. Photometric Accuracy

Figure 7 shows the comparison between the total magnitudes
for the objects detected in EN1 and those from the SERVS
catalog (Mauduit et al. 2012) in both the 3.6 μm mosaic (left-
hand panel) and the 4.5 μm mosaic (right-hand panel). Our
mosaic in EN1 in the area where it overlaps with SERVS is
entirely made up of SERVS data (both our mosaic and SERVS
coadd the SWIRE data here). Therefore, the only differences
are in the data processing and the specific SExtractor settings.
In order to estimate the total magnitude for the sources in

EN1, we multiply the fluxes of the sources in an aperture of
3 9 diameter for an aperture correction factor derived using the
median growth curves shown in the third panel of Figure 5. The
total fluxes for the sources in SERVS are provided in the

Figure 5. Top row: growth curves for a sample of � 100 bright unsaturated stars for all three fields at 3.6 μm normalized to the flux of the star in an aperture of 6″
diameter. The black curve in each panel represents the median of the distribution. The last panel shows the median growth curve of each field at 3.6 μm. Middle row:
same as top row but at 4.5 μm. Bottom row: CH2/CH1 growth curves in the three fields.
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Figure 6. 3σ magnitude depths of the 3.6 μm (left) and 4.5 μm (right) mosaics. These are computed from Equation (1) based on the width of the distribution of fluxes
measured in ∼4000 empty apertures from the noise-normalized images (see text for details). We see that in the areas of interest (overlapping with the HSC-Deep layer)
our mosaics have a 3σ depth of ∼24 [AB] or better.

8

The Astronomical Journal, 166:25 (12pp), 2023 July Annunziatella et al.



SERVS catalog and are derived using a similar approach as in
this work, but with a slightest smaller aperture (D= 3 8).
While unsurprisingly there are some outliers, the vast majority
of the sources show excellent agreement between the earlier
SERVS catalog (Mauduit et al. 2012) and our new SExtractor
photometry based on a reprocessed EN1 mosaic. Figure 7
shows this comparison in both channels. The comparison is
carried out up to AB= 24 mag. There are median offsets
between the magnitudes which are: 0.04 at 3.6 μm and 0.05 for
4.5 μm. Some of this is due to our accounting for the
recalibration of the 1st year Spitzer warm mission data (see
Section 2.2), which was not known at the time of the original
SERVS catalog. This level offsets are also not unexpected
given the somewhat different SExtractor settings we use
relative to the ones in Mauduit et al. (2012). In the figure, there
are overplotted in gray the running medians and the

correspondent 1σ confidence interval. As it can be seen, there
is no trend with magnitude over the entire range.

4.3. Number Counts

Figure 8 shows the differential source counts in the
E-COSMOS, DEEP2-F3, and EN1 fields measured in 3.6 μm
and 4.5 μm. The number counts are derived using aperture
magnitudes computed within an aperture of diameter 3.9 scaled
to total using the median growth curves shown in Figure 5. The
effective area in each field is evaluated by excluding the
regions with lower exposure times and shallower depths (i.e.,
the SWIRE region in EN1, or regions where epochs do not
overlap). This leads to an effective area of: 4.41, 2.93, and 3.68
deg2 for E-COSMOS, DEEP2-F3, and EN1, respectively. We
also overplot the values of the 5σ depth in each field and each
channel scaled to total magnitude using the same approach as
above. We compared our differential number counts with those
from SERVS and S-CANDELS. In both cases the total
magnitudes were obtained by applying a correction function
to the fluxes derived in apertures of 3.8 and 2.4 diameter,
respectively, for SERVS and S-CANDELS. As we can see
from Figure 8, the number of detected sources in both channels
in EN1 and E-COSMOS is comparable to that of previous
surveys, up to the respective 5σ limit.
Lastly, we note that we do not remove stars from our counts.

The slight upturn seen in the counts at magnitudes ≈18 is due
to the transition from the regime where stars dominate the
counts to where galaxies dominate the counts (see e.g., Ashby
et al. 2015; Lacy et al. 2021).

5. Discussion

5.1. Public Data Release

Accompanying this paper, we present the public data release,
consisting of reduced images of all IRAC observations in three
fields, namely E-COSMOS, DEEP2-F3, and EN1. All data
products will be available on the NASA/IPAC Infrared
Science Archive. The data release contains the following:

1. Spitzer/IRAC mosaic science images in both 3.6 and
4.5 μm. The images are astrometrically registered to the
reference z-band image from the HSC Subaru Public Data
release 2.

2. Coverage maps containing exposure times (seconds) in
both 3.6 μm and 4.5 μm.

3. Maps with 3σ magnitude depth (as derived in
Section 3.2) at the same WCS and pixel scales of the
scientific images.

5.2. Expected Science Impact

The primary goal for obtaining these new data and
constructing these mosaics combining all available data was
to provide IRAC 3.6 and 4.5 μm coverage of the HSC-Deep
fields. The mosaics presented in this paper represent a total of
17.9 deg2, which together with the XMM-LSS IRAC coverage
through SERVS+Spitzer DeepDrill (Lacy et al. 2021) means
that the bulk of the 27 deg2 HSC-Deep fields now has
sufficiently deep IRAC coverage to study massive galaxies
out to z∼ 6 as well as reach well below the knee of stellar mass
function at cosmic noon. Indeed, adding the IRAC data to the
wealth of U through near-IR photometry already obtained in

Table 4
Depths of the IRAC Observations

Filter
15th Percentile of

3σ Deptha
Median of 3σ

Deptha b
85th Percentile of

3σ Deptha

(μm) (AB) (AB) (AB)

E-COSMOS:
3.6 23.82 24.30 24.49
4.5 23.48 23.84 23.97
DEEP2-F3:
3.6 23.72 24.01 24.16
4.5 23.39 23.74 23.89
EN1:
3.6 22.94 23.54 24.30
4.5 22.44 23.14 24.05

Notes.
a Using a 3″ circular aperture diameter.
b To convert these to 5σ simply subtract 0.22 from these numbers. The average
5σ depth for the three fields is 23.7 at at 3.6 μm and 23.3 at 4.5 μm.

Table 5
Sextractor Main Parameters

Parameter Value

DETECT_MINAREA 5.0
DETECT_THRESH 1.0
ANALYSIS_THRESH 0.4
DEBLEND_NTHRESH 64
DEBLEND_MINCONT 0.0005
BACK_SIZE 16
BACK_FILTERSIZE 3
BACKPHOTO_TYPE LOCAL

Table 6
Astrometric Accuracy

Filter Δ (R.A.) Δ (Decl.) σ(Δ(R. A. )) σ(Δ(Decl. ))
(μm) (″) (″) (″) (″)

E-COSMOS:
3.6 −0.04 −0.05 0.19 0.19
4.5 −0.04 −0.05 0.20 0.19
DEEP2-F3:
3.6 0.02 −0.08 0.23 0.21
4.5 0.03 −0.07 0.24 0.21
EN1:
3.6 −0.06 −0.03 0.33 0.20
4.5 −0.03 −0.03 0.35 0.20
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these areas will lead to improved photometric redshifts but
even more significant improvements in the derived stellar
population parameters such as stellar mass, age, and star-
formation rate (see e.g., Muzzin et al. 2009). This will impact a
wide range of galaxy evolution studies to be performed with
these data. The wide area of the HSC-Deep survey makes it
well suited for the study of the role of environment in galaxy

assembly and quenching since it will sample the full range of
environments with high statistical significance. For example, in
only 4.5 deg2 of the XMM-LSS, Krefting et al. (2020) find
nearly 400 overdensities consistent with dark matter halos of
M> 1013.7Me including several structures that look like cluster
mergers and large filamentary structures. With 5.5×the area
covered in the present data, the potential to explore galaxy

Figure 7. We compare the total magnitudes for objects detected in our new mosaic of EN1 and those from the SERVS catalog (Mauduit et al. 2012) in the same area
in both channels. Since the SERVS catalog excludes stars Mauduit et al. (2012), in this cross-match stars are also excluded. Contours, from the inner to the outer,
contain 10%, 30%, 50%, 70%, 90%, 95%, and 99% of the galaxies. Overplotted in gray are the running medians and the correspondent 1σ confidence interval. We see
pretty good agreement with only small median offsets. For channel 1, this is largely explained by the recalibration of the first year of Spitzer warm mission data that
was not known at the time of the original SERVS catalog construction.

Figure 8. Differential source counts in the E-COSMOS, DEEP2-F3, and EN1 fields measured in the 3.6 μm mosaic (left panel) and in the 4.5 μm mosaic (right panel).
The vertical lines are the 50th percentile of the 5σ depths. For comparison, we overplot the counts from the S-CANDELS (Ashby et al. 2015), and from the Deep Drill
(Lacy et al. 2021) surveys.
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evolution in the context of both local and large-scale
environment is great. These data are also well suited to AGN
studies including BH-galaxy coevolution studies. For BH-
galaxy coevolution studies what is critical is that the combined
multiwavelength data will allow for both photometric redshifts
and stellar population parameters of all potential AGN host
galaxies. The IRAC data are critical for accurate estimates of
such parameters as described above. This deep IRAC survey is
also potentially useful for finding AGN in dwarf galaxies
which may be powered by IMBHs (Satyapal et al. 2017).

Lastly, the HSC-Deep fields will be the sites of the upcoming
Prime Focus Spectrograph (PFS) galaxy evolution survey
(Tanaka et al. 2017). The PFS is a highly-multiplexed
spectrograph with ≈2500 fibers being build for the 10 m
Subaru telescope. The PFS spectra will cover λ∼ 0.3–1.3 μm
with R∼ 3000 providing a wealth of information for the
targeted galaxies including nebular-line based SFRs, metalli-
cites, AGN content, and outflow rates to name a few. The
multiband photometric coverage of these fields, including
IRAC, will allow for the optimal target selection for the PFS as
well as providing significant value to the spectroscopic data by
allowing for key photometrically derived parameters such as
stellar mass.

6. Summary and Conclusions

1. This paper presents IRAC 3.6 and 4.5 μm mosaics using
both new and archival data for three of the four fields of
the HSC-Deep survey (E-COSMOS, DEEP2-F3, and
EN1). The mosaics have a median 5σ depth of 23.7(23.3)
at 3.6(4.5)μm in AB. The science images, coverage maps
and depth maps will all be publicly released concurrently
with the publication of this paper.

2. We perform SExtractor photometry and validate the
results both by comparison with earlier catalogs as well as
by checking the resultant number counts for consistency
with IRAC counts in the literature.

JWST can now provide very deep, high spatial resolution
imaging at 3.6 and 4.5 mu using the NIRCAM imager.
However, the smaller field of view of NIRCAM, combined
with the slow slew rate of the large JWST telescope result in a
much slower survey mapping speed than Spitzer/IRAC. Thus,
surveys of multiple square degrees of sky in these bands
performed by Spitzer will remain the best way to identify large
samples of galaxies around cosmic noon at z∼ 2.

This work has made use of data from the European Space
Agency (ESA) mission Gaia (https://www.cosmos.esa.int/
gaia), processed by the Gaia Data Processing and Analysis
Consortium (DPAC; https://www.cosmos.esa.int/web/gaia/
dpac/consortium). Funding for the DPAC has been provided
by national institutions, in particular the institutions participat-
ing in the Gaia Multilateral Agreement. This research has made
use of the NASA/IPAC Extragalactic Database (NED), which
is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National
Aeronautics and Space Administration. MA acknowledges
support by the National Aeronautics and Space Administration
(NASA) through an award (RSA 1628138) issued by JPL/
Caltech. A.S. and D.M. acknowledge support by NASA under
award number 80NSSC21K0630, issued through the Astro-
physics Data Analysis Program (ADAP). MA acknowledges
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