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Abstract

The Ultraviolet Near-Infrared Optical Northern Survey (UNIONS) is a “collaboration of collaborations” that is
using the Canada—France—Hawai’i Telescope, the Pan-STARRS telescopes, and the Subaru Observatory to obtain
ugriz images of a core survey region of 6250 deg” of the northern sky. The 100 point source depth of the data, as
measured within a 2” diameter aperture, are [u, g, 1, i, z] = [23.7, 24.5, 24.2, 23.8, 23.3] in AB magnitudes.
UNIONS is addressing some of the most fundamental questions in astronomy, including the properties of dark
matter, the growth of structure in the Universe from the very smallest galaxies to large-scale structure, and the
assembly of the Milky Way. It is set to become a major ground-based legacy survey for the northern hemisphere
for the next decade, and it provides an essential northern complement to the static-sky science of the Vera C.
Rubin Observatory’s Legacy Survey of Space and Time. UNIONS supports the core science mission of the Euclid
space mission by providing the data necessary in the northern hemisphere for the calibration of the wavelength
dependence of the Euclid point-spread function and derivation of photometric redshifts in the North Galactic Cap.
This region contains the highest quality sky for Euclid, with low backgrounds from the zodiacal light, stellar
density, extinction, and emission from Galactic cirrus. Here, we describe the UNIONS survey components,
science goals, data products, and the current status of the overall program.

Unified Astronomy Thesaurus concepts: Sky surveys (1464); Weak gravitational lensing (1797); Stellar streams
(2166); Galactic archaeology (2178)

1. Introduction necessarily true of the northern sky, however. This is despite
the legacy set by the Sloan Digital Sky Survey (SDSS;
D. G. York et al. 2000) and the Pan-STARRS 37 survey
(K. C. Chambers et al. 2016) over the last 20 yr. Premier
astronomical data obtained from space, including those from
Gaia (Gaia Collaboration et al. 2016), the James Webb Space
Telescope (JWST; J. Rigby et al. 2023) and Euclid (Euclid
Collaboration et al. 2025)—to name just a few, currently
active, high-profile optical/near-infrared telescopes—are
hemispherically agnostic, but this is not the case for the
ground-based data with which they are often successfully
combined. For the local (and even the low-redshift) Universe,
there are very obvious differences in scientific targets available
in the northern and southern skies, and multi-messengers from
the very distant Universe do not care about the orientation of

The Universe is an all-sky object. On the largest scales, it is
likely isotropic and homogeneous, but there are significant
scientific shortcomings in mistaking this principle of cosmol-
ogy for one about all of astronomy. It is a matter of
considerable excitement that the coming few years will see
the start of the Vera C. Rubin’s Legacy Survey of Space and
Time (LSST; Z. Ivezié et al. 2019) and usher in a new era of
optical wide-field surveys from the ground. Combine this with
other wavelengths, e.g., the Square Kilometer Array (SKA;
R. Braun et al. 2015), and it is clear that the southern
hemisphere is well-served for multi-wavelength imaging
surveys for the coming few decades. The same is not

Original content from this work may be used under the terms he Earth’ ; is. Th id . h
BY of the Creative Commons Attribution 4.0 licence. Any further the Eart . § rotation a?(ls' e'se COHS'I eratlor}s Sugge?‘t that
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significant possibility of enabling new scientific opportunities
over the coming decade.

The Ultraviolet Near-Infrared Optical Northern Survey
(UNIONS) is a collaboration of wide-field imaging surveys
of the northern hemisphere that use three observing facilities
located in Hawai’i to obtain deep ugriz imaging over much of
the northern extragalactic sky. Specifically, the Canada—France
Imaging Survey (CFIS), using MegaCam at the 3.6 m Canada—
France-Hawaii Telescope (CFHT) on Maunakea, is obtaining
deep u- and r-band imaging; Pan-STARRS is obtaining deep i-
and z-band imaging; and Hyper Suprime-Cam, mounted on the
Subaru 8.2 meter telescope, is obtaining deep z-band imaging
through the Wide Imaging with Subaru HSC of the Euclid Sky
(WISHES) and deep g-band imaging through the Waterloo—
Hawai’i Institute for Astronomy g-band Survey (WHIGS).
These efforts are directed, in part, to securing optical imaging
to complement the Euclid space mission (Euclid Collaboration
et al. 2025), although UNIONS is a separate collaboration
aimed at maximizing the science return of these large and deep
surveys of the northern skies.

At the time of writing, UNIONS data have formed the basis
for more than 30 publications currently in the peer-reviewed
literature. Further, while the original survey area is near
completion, extensions to the survey have recently been
approved to push to lower decl. As such, the intent of this
current contribution is to describe the survey components, the
collaboration, the science goals, the data products, and the
current status of the overall program.

Section 2 provides an overview of UNIONS, including the
primary science drivers and overall survey characteristics, as
well as a brief summary of relevant details necessary to
understand the survey footprint. Section 3 provides the survey
strategy and data reduction details of each of the main survey
components of UNIONS. Section 4 describes the methodology
and characteristics of the overall multi-band catalog that is
being created from UNIONS data. Section 5 briefly describes
the Euclid data products that will be derived from UNIONS
data, and differentiates between them and the UNIONS data
products. Section 6 provides a summary.

2. Overview of UNIONS

UNIONS has emerged over the last several years, as various
teams recognized the powerful scientific and legacy opportu-
nities of uniting their separate efforts into a joint program of
activities. In Section 2.1, we describe some of the driving
science of UNIONS. In Section 2.3, we summarize the
defining characteristics of the UNIONS survey, including a
few details regarding its formation that are necessary in order
to understand the definition of the survey footprint.

2.1. UNIONS Science

UNIONS is a community legacy survey that provides a
strong scientific platform for a wealth of astrophysics. It is
helping to answer some of the most fundamental questions in
astronomy, including the properties of dark matter, the growth
of structure in the Universe from Galactic to cluster scales, and
the assembly of the Milky Way, and it will culminate by
directly contributing to the state-of-the-art dark energy
measurement expected from the Euclid mission. In the new
era of time-domain and multi-messenger astrophysics, it is
more important than ever to build up a high-quality, multi-
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band archive of the sky to ensure a record exists of the
progenitor systems that spawn the most exciting astrophysical
transients. Here, we summarize a few key science themes of
UNIONS and highlight some published results that stem from
UNIONS data taken to date. We note that, in very broad terms,
UNIONS data are only slightly shallower in photometric depth
than Year 1 of the LSST. This enables an extensive number of
static-sky science cases.

2.1.1. Galactic Archaeology

A key original science driver of the survey that became
UNIONS is near-field cosmology. The wu-band data of
UNIONS are approximately 3 magnitudes deeper than for
SDSS and are designed to take advantage of the blue
sensitivity of CFHT compared to much larger optical
ground-based telescopes. The u band, in combination with
other optical bands, allows for highly accurate estimates of
photometric distances (Z. Ivezi¢ et al. 2008) that have
significantly higher precision than Gaia astrometry at large
(>10kpc) distances, making this an ideal approach for
pushing Gaia proper motions into the outer stellar halo, where
Gaia parallaxes are poor. Prior to obtaining equivalently deep
bands with the rest of UNIONS, early science in this area
involved combining the u-band data with other deep photo-
metric and astrometric surveys, especially Pan-STARRS 37
and Gaia. The first results were presented in R. A. Ibata et al.
(2017a, 2017b), and an enhanced methodology for stellar
distance determination using photometry alone is presented in
G. F. Thomas et al. (2019). With these data, we have been able
to discover different accreted structures, such as streams
around M92 (G. F. Thomas et al. 2020) and NGC 5466
(J. Jensen et al. 2021), and we have probed the structure of our
Galaxy at different scales from the Galactic disk
(G. F. Thomas et al. 2019) to the outskirts of the stellar halo
of the Milky Way (G. F. Thomas et al. 2018; M. Bayer et al.
2025). We have also explored the white dwarf population of
the Milky Way (N. J. Fantin et al. 2021), including providing a
novel method for determining the star formation history of the
disk (N. J. Fantin et al. 2019).

The acquisition of equivalently deep gri data to complement
the u band as part of UNIONS has enabled new searches for
Milky Way and Local Group satellites. Here, we take
advantage of the deep, wide-field nature of UNIONS to search
for resolved overdensities of stars (i.e., dwarf galaxies and star
clusters) in the Milky Way halo, M31 halo, and Local Group.
Three discoveries have been published: Bootes V
(S. E. T. Smith et al. 2023; see also W. Cerny et al. 2023) is
an ultra-faint, very metal-poor, dwarf galaxy; Ursa Major III/
UNIONS 1 (S. E. T. Smith et al. 2024) is the faintest known
satellite of the Milky Way, with a stellar mass of only about
16 M, whose stellar velocities may indicate the presence of
dark matter, though additional work is being done to better
understand this remarkable object (M. Crnogorcevi¢ &
T. Linden 2024; R. Errani et al. 2024); and Pegasus VII
(S. Smith et al. 2025) is a new satellite of the M31 galaxy.
Studies of three additional Milky Way satellites are currently
being prepared for publication.

The combination of UNIONS u-band data with narrowband
Ca H&K photometry from the CFHT Pristine survey (E. Star-
kenburg et al. 2017; N. F. Martin et al. 2024) enables even
more Galactic Archeology science. For example, the combina-
tion of both bands provides a 3D view of the outermost
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Galactic halo through a clean selection of blue horizontal
branch stars (L. Titulaer 2021) that have been used to study the
outermost spur feature of the Sagittarius dwarf galaxy stellar
stream at ~140 kpc and provide additional constraints on the
Galactic gravitational potential at those distances (M. Bayer
et al. 2025).

2.1.2. Weak Gravitational Lensing

Another major scientific objective of UNIONS is weak
gravitational lensing, which enables the study of dark matter
distribution across a wide range of scales, from individual
galaxies to large-scale cosmic structures. Additionally, via
cross-correlation with baryonic probes, it allows for the
exploration of the relationship between dark matter and
baryonic matter.

Prior to the advent of the full multi-band version of
UNIONS, the very high image quality (IQ) of the CFHT r
band was a major factor in the development of the science case
that enabled these observations. It was recognized that the
completed r-band data has key advantages over competing
weak-lensing surveys, such as the Dark Energy Survey (DES;
M. Gatti et al. 2021). The areas are similar (about 5000 degz),
but the significantly better seeing at CFHT (the median r-band
IQ is 0.7) allows us to make shape measurements of smaller
galaxies, providing a higher background source density, and so
improving the lensing power statistics.

For UNIONS, we have developed a weak-lensing shape
measurement pipeline, SHAPEPIPE (S. Farrens et al. 2022;
A. Guinot et al. 2022), which is based on NGMIX
(E. Sheldon 2015) and METACALIBRATION (E. Huff &
R. Mandelbaum 2017; E. S. Sheldon & E. M. Huff 2017).
New methods to characterize the point spread function (PSF)
have also been developed (T. Liaudat et al. 2021), as well as
novel methods to characterize the PSF (S. Guerrini et al. 2025;
Z. Zhang et al. 2024). The lensing catalog that is currently
used internally (not based on the full data set) spans 3500 deg?
and has an effective background source density of 7-8 galaxies
per arcmin®. For comparison, DES Year 3 has an effective
background source density of 5.6 galaxies per arcmin’
(M. Gatti et al. 2021). An upcoming UNIONS shape catalog
that covers a larger area, with a slightly higher source density
as well as photometric redshifts for the sources, is under active
development.

Another critical advantage for UNIONS weak lensing is the
vast wealth of spectroscopy in the UNIONS foreground due to
the SDSS surveys, and most recently, the Dark Energy
Spectroscopic Instrument survey (DESI; DESI Collaboration
et al. 2016). This opens up a huge range of science currently
impossible in the southern hemisphere. An important early
result is the first measurement of the black hole—halo-mass
relation (Q. Li et al. 2024a, 2024b) based on weak lensing. We
have also studied the ellipticity of dark matter halos around
luminous red galaxies from SDSS (B. Robison et al. 2023).

In cosmology, we are using the spectroscopic samples from
the Baryon Oscillation Spectroscopic Survey (BOSS;
K. S. Dawson et al. 2013) and DESI to construct 3 x 2 point
statistics (cosmic shear, galaxy—galaxy lensing, and galaxy
clustering) to obtain tight constraints on the cosmological
parameters. We intend to further tighten these using higher-
order methods such as density-split statistics (P. A. Burger
et al. 2024) or weak-lensing peak counts (E. Aycoberry et al.
2023). Other projects recently completed include measuring
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the weak (anti-)lensing signature from spectroscopically
identified cosmic voids and a direct measurement of “intrinsic
alignments”—the tendency of galaxies to point toward each
other—from BOSS spectra (F. Hervas Peters et al. 2025).
Cosmic shear, which examines dark matter statistics on the
largest scales, is another powerful cosmological probe made
possible by the unprecedented area and depth of UNIONS.
Finally, clusters of galaxies and their splashback radii are
another potential cosmological probe, as discussed in
C. T. Mpetha et al. (2025).

Finally, weak lensing can also be used to probe the link
between dark matter and galaxy formation and evolution. We
are studying the stellar-mass—halo-mass relation as a function
of galaxy color and redshift and testing for dependence on
“third parameters” such as galaxy size or large-scale environ-
mental overdensity (“assembly bias”). We also intend to study
halos of unusual galaxies, such as ultra-diffuse dwarfs. Finally,
we can study more complicated structures, such as filaments of
the cosmic web between spectroscopically identified galaxy
pairs (following, e.g., S. D. Epps & M. J. Hudson 2017), both
in terms of their dark matter structure (T. Yang et al. 2022) and
in cross-correlation with baryons probed by the thermal and
kinetic Sunyaev—Zel’dovich effect. (T. Troster et al. 2017;
K. Umetsu et al. 2020; T. Troster et al. 2022; B. Jego et al.
2023; L. Bigwood et al. 2024)

2.1.3. Legacy Imaging for the Northern Hemisphere

The scope of UNIONS is such that it is becoming a major
wide-field optical survey of the northern sky for the 2020s and
into the era of the Vera C. Rubin Observatory. Even when the
LSST is fully underway, UNIONS will remain unsurpassed from
the ground in the northern hemisphere. Critically, UNIONS is
helping to address the hemispheric imbalance in wide-field
imaging that will otherwise limit the utility of ground-based
optical surveys to complement other multi-wavelength, multi-
messenger, and space-based missions. In particular, we highlight
the following three motivations for UNIONS:

1. Deep multi-band imaging in the north is an essential
complement to multi-wavelength astronomy enterprise.
It enables the identification of photometric sources for
combination with past and ongoing ground-based wide-
area surveys in the north, such as the LOFAR Two-meter
Sky Survey at 144 MHz (T. W. Shimwell et al. 2022),
VLA/FIRST and NVSS at 1.4 GHz (J. J. Condon et al.
1998; D. J. Helfand et al. 2015), and VLASS at 3 GHz
(Y. A. Gordon et al. 2021). Future surveys will further
expand northern coverage with more deep images,
including those obtained by the Next Generation Very
Large Array (ngVLA; E. J. Murphy et al. 2018) and the
Square Kilometre Array (SKA), which is not restricted to
southern declinations. Additionally, space-based all-sky
missions, including WISE (E. L. Wright et al. 2010) in
the mid-infrared, in the mid- and far-infrared, and
eROSITA (P. Predehl et al. 2021; A. Merloni et al.
2024) at X-ray wavelengths are hemispherically agnos-
tic, reinforcing the importance of completing UNIONS
in the north to provide the necessary ground-based
optical context.

2. In the era of multi-messenger astronomy, gravitational
wave detections can come from anywhere on the sky. It
is imperative that we have deep imaging already
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available to provide the necessary difference imaging to
close in on the nature of the astrophysical sources (for
example, see S. J. Smartt et al. 2017).

3. The attention of wide-field optical astronomy is turning
toward spectroscopy: the DESI (DESI Collaboration
et al. 2016) is delivering a groundbreaking spectroscopic
data set in the north (DESI Collaboration et al.
2025a, 2025b, 2025c), soon to be followed by the
WHT Enhanced Area Velocity Explorer (G. Dalton
et al. 2012) and the Prime Focus Spectrograph on the
Subaru Telescope (S.-Y. Wang et al. 2022) in the north,
and 4MOST (R. S. de Jong et al. 2019) and VLT/
MOONS (M. Cirasuolo et al. 2020) in the south.
UNIONS provides an extremely robust foundation for
large-aperture northern hemisphere wide-field spectrosc-
opy by providing a high-quality source of multi-band
pre-imaging that otherwise does not exist over most of
the northern sky. For example, the u-band photometry is
necessary for target selection of Lyman break galaxies, a
key high-z tracer in DESI-II and other spectroscopic
surveys such as spec-s5, MSE, and MUST (C. Payerne
et al. 2025).

The broad science goals of such a data set is now being
reflected in the publications that have emerged based on
UNIONS data. In addition to the topics discussed in earlier
sections, UNIONS data have been used to study the role of
ram pressure stripping in galaxies (I. D. Roberts et al. 2022;
L. M. Foster et al. 2025), to examine the role and impact of
mergers on galaxy evolution (S. L. Ellison et al.
2019, 2022, 2024; R. W. Bickley et al. 2021, 2022, 2023;
S. Wilkinson et al. 2022; L. Ferreira et al. 2024, 2025), to
understand processes leading to the formation of fossil groups
(A. Chu et al. 2023), to characterize diffuse low surface
brightness structures around galaxies (E. Sola et al. 2022), to
probe the cosmic far-infrared background (S. Lim et al. 2023),
and to search for strong lensing events (E. Savary et al. 2022;
J. A. Acevedo Barroso et al. 2025), including distant quasars
(J. H. H. Chan et al. 2022).

2.1.4. Connection with Euclid

In addition to stand-alone science, UNIONS provides color
information to the Euclid survey. Briefly, Euclid is obtaining
deep imaging of 13,000 deg” of sky in one broad optical band
(VIS) and three (YJH) near-infrared bands, as well as grism
spectroscopy in the near-infrared. Its core science mission is
based around weak lensing and galaxy clustering. Measuring
the weak-lensing signal with the necessary degree of precision
requires detailed knowledge of the PSF in the VIS band. Since
the PSF is wavelength-dependent, modeling the PSF at the
level needed requires knowledge of the spectral energy
distribution of the sources. This in turn requires multi-band
photometry over the spectral range of the VIS bandpass (see
M. Eriksen & H. Hoekstra 2018 for more details) to model the
wavelength dependence of the PSF. This then impacts
measurements of the galaxies for weak lensing, where the
model PSF needs to be applied in a wavelength-dependent way
to accurately measure the spatial profile of the galaxy. In
addition, UNIONS photometry is combined with the Euclid
YJH photometry to detemine photometric redshifts that allow
cosmological tomography, turning the monochrome, two-
dimensional Euclid VIS images into a multi-color, three-
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dimensional picture of the universe. To achieve its goals,
Euclid  requires  photometric  redshift  errors  of
o./(1 +2) < 0.05.

In the south, color information for Euclid is presently
provided by the Kilo-Degree Survey (KiDS; J. T. A. de Jong
et al. 2017) and the Dark Energy Survey (DES;
T. M. C. Abbott et al. 2018). These surveys will eventually
be superseded by the LSST (Z. Ivezi¢ et al. 2019), while north
of a decl. of 15°, the ugriz data needed by Euclid are provided
by UNIONS.

2.2. Comparison with Other Multi-facility Surveys

There are other multi-facility surveys in the literature. Some
have a primary survey, which is augmented by cross-matching
to additional surveys. Examples in this category include
P. M. Marrese et al. (2019) and S. P. Driver et al. (2022),
where the GAIA and Galaxy And Mass Assembly catalogs are
cross-matched to external catalogs. The NOIRLab Source
Catalog (NSC; D. L. Nidever et al. 2021) is a cross-match of
archival data from multiple sources, with the goal of providing
a single point of access to multiple data sets. The NSC, while
incredibly useful, contains very heterogeneous data. All three
examples are cases where value was added after the fact to
existing data sets through careful cross-matching. In distinc-
tion to these examples, the UNIONS component surveys were
designed from the beginning with a common footprint and
with comparable depths. Surveys more analogous to UNIONS
are surveys where multiple facilities are dedicated toward a
single project. Examples of this include the DESI Imaging
surveys (A. Dey et al. 2019) and (on a much smaller footprint,
albeit with significantly greater depth) the Cosmic Evolution
Survey (COSMOS; N. Scoville et al. 2007).

2.3. Survey Characteristics
2.3.1. Survey Footprint

Figure 1 shows the spatial coverage as of January 2025 for
each of the five bands of UNIONS. The survey is primarily
focused on the northern sky away from the Galactic plane, |
b| >25°. The red lines show the primary UNIONS survey
region. The Euclid final data release (DR6) region that covers
the North Galactic Cap (NGC) is shown by a white line. In this
figure, the color scale shows the number of individual
exposures contributing to each area of sky.

The footprint of UNIONS reflects an evolution in the
science goals and scope of the component surveys. What
eventually became UNIONS originally started out as a CFHT/
MegaCam u-band survey called the Legacy for the U-band
All-sky Universe (LUAU; R. A. Ibata et al. 2017a), primarily
focused toward Galactic archeology. At around the same time,
the Euclid community started looking for options to obtain
northern ground-based imaging necessary for their core
science. The rationale for the specific Euclid survey area is
given in detail in Euclid Collaboration et al. (2025). As a result
of this Euclid-driven effort, LUAU was subsumed into a new
CFHT program, the CFIS, continuing the «# band and also now
incorporating r-band coverage over the Euclid northern
footprint.

The success of CFIS led to another successful Euclid-related
program using the Pan-STARRS telescopes for the i and z
bands. Subsequently, the WISHES team was successful in its
application to use Subaru/HSC to obtain z-band data for
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Figure 1. Current spatial coverage of UNIONS for each of the five bands. The color scale indicates the number of images acquired (as of January 2025) in each
location. Green (through red) indicates that the nominal depth has been achieved. The red lines show the nominal UNIONS footprint, both the current target footprint
(down to § = 30°, heavy line) and the proposed extension (down to § = 15°, light line). The white line indicates the full northern Euclid Wide Survey footprint. The

figure uses a Mollweide equal-area projection.

Table 1
Summary of the Coverage, as of 2025 January, of the Component Surveys Contributing to UNIONS, Given in deg2
Filter Survey Instrument NGC, 6§ > 30° NGC, § < 30° SGC Extra Total
u CFIS CFHT/MegaCam 3732 (81%) 1089 (78%) 273 (100%) 3233 8327
g WHIGS Subaru/HSC 4585 (99%) 627 (45%) 273 (100%) 270 5755
r CFIS CFHT/MegaCam 4582 (99%) 91 (6%) 273 (100%) 692 5638
i Pan-STARRS Pan-STARRS 4606 (85%) 513 (37%) 273 (100%) 2325 7717
Zps Pan-STARRS Pan-STARRS 2070 (44%) 502 (36%) 273 (100%) 1143 3988
ZHSC WISHES Subaru/HSC 3266 (70%) 216 (15%) 0 (0%) 32 3514

Notes. The columns show the coverage in the two North Galactic Cap (NGC) areas and the South Galactic Cap (SGC) area as measured in deg” and as a percentage
completeness of each area. The Extra column gives any additional survey area in deg2 outside of these regions. Full z-band coverage is obtained by combining both

the Pan-STARRS and WISHES data sets. Note that Pan-STARRS i-band coverage is complete in terms of area (north of § = 30°) but not depth.

Euclid. This helped offset some of the Pan-STARRS z-band
effort, since the observing efficiency for Pan-STARRS in this
band is not particularly high. Given the obvious complemen-
tarity of the surveys, the three observing programs united
under the UNIONS banner, enabling both Euclid and stand-
alone science programs. Given the absence of g-band, the
UNIONS collaboration pursued successful observing time on
Subaru/HSC via the Institute for Astronomy in Hawai’i and
Canadian Gemini exchange time, leading to the WHIGS
program.

We note that the Euclid-relevant area of UNIONS has
changed during the lifetime of these observing programs.
When CFIS began, the Euclid Wide Survey footprint
originally included the region around the southern Galactic
cap, which is why this area is also covered in all five UNIONS
bands (although not by the WISHES z band). Further, it was
originally thought that Rubin/LSST would likely provide data
for Euclid to the necessary depth up to § = 30°, and so primary
attention was given to the region north of this. However, in
recent years, it has become clear that Rubin/LSST will only
extend to & = 15°. As such, the UNIONS programs have
sought extensions to obtain complete coverage of the region
outlined in red in Figure 1 that extends below 6 = 30°. These
extension programs have all been granted and begin in 2025.
The extended area is shown by the second red line on Figure 1.

With reference to Figure 1, the Euclid survey region around
the North Galactic Cap at 6 >30° is 4606 deg”. The Euclid
survey region around the North Galactic Cap in the range
15°<6<30° is 1381 degz. The region around the South
Galactic Cap (SGC) originally (but no longer) included in
Euclid, and observed by UNIONS, is 273 deg®. These three
regions make up the core UNIONS survey area. Table 1 lists
the fraction of these three areas surveyed by UNIONS as of
2025 January. Also included in the final column is additional
area that has been observed to comparable depth and which is
included in the final data set, and which is visible in the figure.
We note that full coverage of the Euclid area in the z-band is
provided by the combination of WISHES and Pan-STARRS
data, with the overlap region between these programs
occurring at 38° < 6 < 42°.

2.3.2. Filters, Depth, and Image Quality

The filter transmission functions for each of the survey
components of UNIONS are shown in Figure 2. The central
wavelengths, as well as the blue-end (“‘cut-on”) and red-end
(“cut-off”’) wavelengths, are listed in Table 2. The transmission
functions are available online in text format,72 and in each case

2 https:/ /www.canfar.net /storage /vault/list/ AstroDataCitationDOIT /CISTI.
CANFAR/25.0107 /data/filters
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Figure 2. Transmission curves of the filters used by UNIONS. These

correspond to the effective bandpass, accounting for the filter transmission as
well as the full system throughput.

Table 2
UNIONS Filter Properties

Survey Filter Name  Filter Name ~ Center ~ 50% Cut-on ~ 50% Cut-off
(62V) (©2V) @A)
CFIS u u.MP9302 3682 3470 4000
WHIGS g HSC-g 4816 4090 5470
CFIS r r.MP9602 6425 5677 7146
Pan-STARRS i ips 7544 6910 8200
Pan-STARRS z Zps 8679 8190 9220
WISHES z HSC-z 8903 8540 9300

Note. The table gives the filter name matched with the survey, the filter name
as used by the respective telescope and the center, cut-on, and cut-off values.

they contain the full system response. Specifically, for CFHT,
the MegaCam filters introduced in 2014 are used: u.MP9302
and r.MP9602.”* Their response curves include the MegaCam
quantum efficiency, the transmission of the MegaPrime
camera optics, the reflectivity of the CFHT primary mirror,
and a nominal atmosphere of 1.2 airmasses.”* The Pan-
STARRS filter set, together with the responses of the
telescope, camera, and detectors, are described in considerable
detail in J. L. Tonry et al. (2012). Similarly, the HSC filters
and the response functions of the HSC system are described in
S. Kawanomoto et al. (2018). UNIONS magnitudes are
computed on the AB system (J. B. Oke 1974).

Note that, due to the two different z filters, there are six
filters in UNIONS. However, by design, the area in the z bands
overlaps minimally. UNIONS is thus effectively a five-band
survey, and we refer to it as such throughout the paper. Data in
the two z-bands are processed separately. Where there is
overlap, coadds for both filters are generated separately, but
the z-band data from HSC (which has better seeing) are
preferred. The resulting object catalogs (described in
Section 4) have separate columns for the two z-band filters

We characterize the depth of UNIONS photometry as the 10 o
point source depth measured through a 2” aperture. This
particular choice of depth metric is driven by specifications from
the Euclid survey. For telescopes that enjoy the superb seeing

» https: //www.cfht.hawaii.edu/Instruments /Filters /megaprime.html

™ https:/ /www.cadc-ccda.hia-iha.nrc-cnre.gc.ca/en /megapipe /docs/
filt.html
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Table 3
100 Point Source Depths of UNIONS Measured through a 2” Aperture
Filter name 10%-ile Median 90%-ile
CFIS u 23.20 23.69 23.97
WHIGS g 24.22 24.54 24.92
CFIS r 23.84 24.21 24.33
Pan-STARRS i 23.34 23.79 24.06
Pan-STARRS z 22.89 23.31 23.56
WISHES z 22.79 23.41 23.80
Table 4
Image Quality (FWHM) for Each UNIONS Band
Filter Name 10%ile Median 90%ile
CFIS u 0.74 0.89 1.05
WHIGS g 0.68 0.90 1.11
CFIS r 0.60 0.71 0.82
Pan-STARRS i 1.11 1.17 1.26
Pan-STARRS 7 1.08 1.14 1.24
WISHES z 0.58 0.71 0.91

conditions of Maunakea, it is somewhat conservative. Depths
computed through optimal apertures will be systematically deeper
than the ones reported here. The depths are calculated as a
function of position and are shown for each filter in Figure 3.
Histograms of these values are shown for each filter in the left
panels of Figure 4, with vertical lines indicating the median depth
and the 10th and 90th percentiles values. These values are given
explicitly in Table 3. The current median depth of UNIONS
is [u, g, . i, zps, zuscl = [23.7, 24.5, 24.2, 23.8, 23.3, 234],
to be compared with the original goal of [u, g, r, i, z] =
[23.6, 24.5, 23.9, 23.6, 23.4]. We note that the depth of the
ugrzpszusc data is unlikely to change notably as new area is
added. However, the survey strategy of Pan-STARRS is such that
we can expect the depth and uniformity of the i-band data to
improve (although no future zpg data are expected to be added).

Figure 5 shows maps of the effective 1Q (specifically, the
full width at half maximum of point sources measured in
arcseconds) as a function of position for each UNIONS band.
The color scales are the same in each panel. The IQ is
represented by one-dimensional histograms in the right panel
of Figure 4, with the median and the 10th and 90th percentiles
marked as vertical lines. These values are given explicitly in
Table 4. The survey strategy of Pan-STARRS ensures that
many exposures are taken at any particular position in a wide
range of observing conditions, so the average 1Q of the survey
will be uniform by design. The excellent IQ of the UNIONS
data across all bands is clear, and the uniformity of the r-band
data is particularly striking. The quality of the u- and the -
band data benefits enormously from the queue scheduling at
CFHT, as discussed in Section 3.1.1.

3. The Components of UNIONS

The nature of UNIONS as a multi-program, multi-telescope,
endeavor necessarily requires each component survey to
operate quasi-independently in terms of scheduling and
observing strategies. All of the component surveys are at an
advanced stage, but all still ongoing at the time of writing in
2025 January. Here, we provide the observing details, survey
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Figure 3. Map of the current measured depth for the UNIONS survey, quantified as the 100 point source depth measured through a 2” aperture. Note that the color

scale varies for each filter, where the median depth is shown as green.
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Figure 4. Left panels: histograms of the 100 point source depths of each UNIONS band measured through a 2" aperture. Right panels: histograms of the image
quality for each UNIONS band, measured as the FWHM of point sources. In all panels, the vertical lines show the median value and the 10th and 90th percentiles.

Figure 5. Maps of the image quality for each UNIONS band, measured as the FWHM of point sources measured in arcseconds across the survey regions.
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strategy, and data-processing efforts specific to each comp-
onent of UNIONS.

3.1. The Canada—France Imaging Survey

CFIS is conducted on the MegaCam camera (O. Boulade
et al. 2003) installed on CFHT.

3.1.1. Survey Strategy

CFHT’s flexible Queued Service Observations: Signal to
Noise Ratio (QSO-SNR) system allows the survey to specify
the seeing conditions, which effectively improves the IQ of the
survey. Within UNIONS, the r-band data have the best (given
its wavelength) and most uniform IQ, as previously shown in
Figure 5. The CFHT QSO only observes in the r band when
the seeing is below 1”. The weak-lensing science drives this
constraint. Given the generally superb seeing conditions on
Maunakea, this constraint does not impose a significant
reduction in available observing opportunities.

The QSO-SNR system also automatically adapts the
exposure time as a function of the atmospheric conditions
(seeing and transparency) to reach a specified depth, which
also explains the uniformity of the sensitivity of the r-band
data, demonstrated by Figure 3. While the average r-band
exposure time is 145 s, the exposure times actually range from
100 to 300 s. Given the relatively short #-band exposure times,
we hold these fixed at 80 s.

For each pointing in each band, three images are taken,
dithered by 0.33 in decl., and 0.35/cos(6) in R.A. Adjacent
pointings are spaced 0.98 apart in decl. and 0:97/cos(6) in R.
A. This strategy minimizes area loss due to the gaps between
chips, increases uniformity in depth, and maximizes survey
speed. To give flexibility to the QSO observing team, the sky
coverage is organized by layers of tessellation (batches of the
first dither position together, batches of the second dither
position together, etc.), and the three visits of a given sky area
can be observed on different nights, or even years. This
approach has proven highly efficient in helping the QSO team
build flexible queues.

The adopted observing strategy naturally enables the low
surface brightness (LSB) observing mode with CFHT/
MegaCam in the r band (L. Ferrarese et al. 2012, Section
4.2). Specifically, the telescope moves at least one full field of
view between exposures. Chopping between targets in this
manner makes it possible to reconstruct the sky background
for each exposure, provided a minimum of seven exposures are
taken in each observing block. This then enables some key
science, such as the detection and characterization of faint
features around galaxies and merger remnants (e.g., see results
in E. Sola et al. 2022).

Figure 6 shows the observing patterns for the CFIS « and r
bands (top and bottom panels, respectively). At any given
location, the goal is to acquire three exposures, which is
achieved in practice for the majority of the sky. Due to the chip
gaps in the MegaCam focal-plane array, there are small areas
covered by only two exposures. Given the shape of the
Megacam focal plane, the areas covered by the “wing” chips
overlap neighboring pointings and are consequently covered
by more exposures.
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Figure 6. Localized spatial coverage in a 2° x 4° area for the CFIS u-band
(top panel) and CFIS r-band (bottom panel) data showing the observing
pattern. The color scales are the same as in Figure 1.

3.1.2. Data Reduction

CFIS data processing uses the MegaPipe pipeline
(S. D. J. Gwyn 2008). The data reduction process starts with
the raw images from CFHT. These are detrended with the
Pitcairn software package, which performs much the same
tasks as Elixir (E. A. Magnier & J. C. Cuillandre 2004). The
overscan value is removed as usual, and the bias, computed
once per semester, is subtracted. The flat fields are generated
once per dark run. For the r band, the flat fields are generated
using the night-time science images themselves. Typically,
there are several hundred r-band images taken in a run. The
100 longest exposures are combined using a median to
produce a night sky flat. This approach was used in processing
the data from the Outer Solar System Origins Survey
(M. T. Bannister et al. 2018), and it was shown to produce
slightly (1%—-2%) deeper output images than using twilight
flats. However, the u-band images do not contain enough sky
photons to generate a satisfactory flat, and so twilight flats
are used.

For the astrometric calibration, the first step is to run
SExtractor (version 2.19.5 E. Bertin & S. Arnouts 1996) on
each image. The parameters are set so as to extract only the
most reliable objects (5o detections in at least five contiguous
pixels). This catalog is cleaned of cosmic rays and extended
objects using cuts on the half-light radius above and below the
stellar locus (which varies depending on seeing), to leave only
real objects with well-defined centers (stars, and to some
degree, compact galaxies).

This observed catalog is matched to the astrometric
reference catalog. The (x, y) coordinates of the observed
catalog are converted to (R.A., decl.) using the initial world
coordinate system (WCS) provided by CFHT. The match is
done for each of the 40 MegaCam CCDs separately. The
catalogs are shifted in R.A. and decl. with respect to one
another until the best match between the two catalogs is found.
If there is no good match for a particular CCD (for example,
when the initial WCS is erroneous), its WCS is replaced with a
default WCS and the matching procedure is restarted.
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Typically 20-50 sources per CCD are found using this initial
matching process.

Higher-order astrometric terms are determined on the scale
of the entire mosaic, to allow the distortion of the full focal
plane to be measured. This distortion is well-described by a
polynomial with second- and fourth-order terms in radius
measured from the center of the mosaic. While the distortion
does not change drastically over time, it must be recomputed
for every exposure. Measuring the distortion in this way means
that only two parameters need to be determined (the
coefficients of and r*). Given that there are typically
20-50 stars per chip, and 40 chips, this results in around 1000
data points. Less satisfactory is an analysis that is done chip-
by-chip, since a third-order solution requires 20 parameters per
chip. For 40 chips, this is 800 parameters, and can lead to
overfitting.

The astrometric reference catalog that we use is Gaia DR3
(Gaia Collaboration et al. 2023). The positions of the reference
sources are corrected for proper motion from the Gaia epoch
(2016.0) to the epoch during which the image was taken. The
images are astrometrically calibrated completely indepen-
dently from each other. The astrometry is checked by
examining the residuals with respect to Gaia and by cross-
checking the stellar positions in overlapping images. Using
this method, we find that the typical astrometric uncertainty is
20 mas.

The CFIS r-band photometry is calibrated using Pan-
STARRS (E. A. Magnier et al. 2020a) as a reference. The Pan-
STARRS photometry is converted to the MegaCam system
using the following transformation:

Fuega — Tps = 0.003 — 0.050x + 0.0125x2 — 0.00699x3,
(D

where
(2)

This transformation is derived by computing synthetic
photometry using the MegaCam and Pan-STARRS bandpasses
multiplied by the Pickles (A. J. Pickles 1998) and CALSPEC
spectra (R. C. Bohlin et al. 2020).

Photometric calibration is done in two stages. The first stage
deals with the variations of the zero point across the
MegaPrime focal plane. The illumination patterns shows slight
variations from run to run, and so are corrected on that
timescale via the creation of a “super-flat.” For each image
taken within a run, the mean zero point across the image is
computed, and the deviations relative to this mean are mapped
as a function of CCD and position (x, y) within each CCD. The
deviations are aggregated on a grid of 4 x 9 super-pixels and
the median deviation is computed. Generally, the zero-point
offsets follow a consistent pattern from run to run, but there
are changes over time. These random variations are at the
0.005 mag level, with the notable exception of three runs
where a contamination of the camera dewar window led to a
feature on the order of 0.015 mag. In a typical run, there will
be several hundred images taken in each band, although
sometimes a few runs have a smaller number of images, where
there may be not enough images to produce an accurate
mapping of the zero-point variation. In these cases, the two
neighboring runs (previous and following) are averaged to
produce a map for the affected runs.

X = gpg — Ips-
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Figure 7. Representative photometric super-flat for CFIS r-band data. The
figure shows the variation of the zero point, measured in magnitudes, across
the MegaCam focal plane.

After the zero-point variations have been mapped, they are
removed by first expanding the 4 x 9 super-pixels to the
original resolution of the CCDs, then converting the zero-point
difference (measured in magnitudes) to a flux ratio and
multiplying each image by the result. The differential zero
point is then remeasured on the corrected CFIS images and
examined for large variations. Generally, this photometric
super-flat correction is good to 1 mmag (0.1%). There are a
small number of exceptions on certain runs and certain CCDs
that are on the order of 5 mmag in the » band and 10 mmag in
the u band. A representative example of the super-flat
correction is shown in Figure 7.

Once the differential photometric correction has been
applied, an absolute zero point must be determined for the
image as a whole. For the r band, the zero point is determined
by transforming the Pan-STARRS photometry into the
MegaCam system, as before, to create a set of in-field
standards. Typically, a few thousand stars are used to set the
zero point. The r-band Pan-STARRS-to-MegaCam transfor-
mation is robust, given that the Pan-STARRS photometry is
uniformly excellent and Pan-STARRS covers the entire CFIS
area. The r-band zero points are correspondingly accurate. The
photometric residuals with respect to Pan-STARRS are
typically 5 mmag. Similarly, comparing the photometry of
the individual independently calibrated images shows 5 mmag
residuals.

Gaia spectra (F. De Angeli et al. 2023) form the basis of the
u-band calibration. The filter sensitivity function of the u filter
is well-known, as discussed earlier in Section 2.3.2. Multi-
plying the filter sensitivity function by the Gaia spectra results
in synthetic u-band photometric standards over the entire sky,
which we use to calibrate each MegaCam image. A major
caveat on this method is that only relatively bright stars have
Gaia spectra with reasonable signal-to-noise ratios. Conse-
quently, it is important to reject potential calibration stars that
are saturated in the MegaCam images, to avoid erroneous
solutions. The bright-end saturation limit is around u# ~ 14, but
it varies by up to a magnitude with seeing (better seeing
images saturate at fainter magnitudes). At the faint end, the
Gaia spectra become unusable at u ~ 17. A photometric
comparison with the SDSS, and cross-comparison between
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individual images indicate a typical photometric precision of
12 mmag.

The calibrated individual images are combined using SWarp
(version 2.38.0 E. Bertin 2010) and resampled on to a set of
tiles for both u- and r-band data covering the sky. The tiles are
10,000 x 10,000 pixels with a pixel size of 0'1857,
approximately matching the native resolution of MegaCam.
The tiles are spaced exactly 0.5 apart in decl. and 0.5/cos(6)
apart in R.A. Adjacent tiles overlap each other by approxi-
mately 3%. SWarp resamples the input images based on their
astrometric calibration and scales the images according to the
photometric calibration. The resampled images are combined
with a weighted mean. Weight maps are generated with
WeightWatcher (C. Marmo & E. Bertin 2008), which masks
cosmic rays, bad columns, and other CCD defects.

Two sets of stacks are produced for the r-band images. The
first set of stacks, which are used for the downstream
processing of the UNIONS data (e.g., catalog generation),
use SWarp’s background estimator as described above. While
this method is reliable, it removes any extended emission
beyond the scale of the background mesh (128 pixels).

Therefore, a second set of low surface brightness stacks are
also created, using the Elixir-LSB methodology described in
L. Ferrarese et al. (2012) and mentioned in the previous
subsection. In brief, the sky background for an image is
measured from other images taken adjacent in time in the
observing sequence. The images are median-filtered to remove
small bright sources, scaled to a common average background
level, and then combined using an aggressive sigma-clipping
scheme.

3.2. Pan-STARRS

The Panoramic Survey Telescope and Rapid Response
System (Pan-STARRS; N. Kaiser et al. 2002) currently
consists of two telescopes, PS1 and PS2, making up the Pan-
STARRS Observatories. PS1 has been in operation since the
later part of 2009, and PS2 began observing in 2015, with full
normal operations in 2017. Each telescope has a 1.8 m primary
mirror, a 0.9 m secondary mirror, and a large camera mounted
at the Cassegrain focus behind a corrector lens system,
pneumatic filter changer, and shutter. The optical designs of
both PS1 and PS2 are identical; however, the telescopes and
domes were built by different manufacturers and are quite
different. The Gigapixel Camera 1 (GPC1) and Gigapixel
Camera 2 (GPC2) both have orthogonal transfer arrays, but are
operated as normal CCDs. GPC2 has less correlated read noise
and better charge-transfer properties, but more problematic
devices that create gaps in the focal plane. The filter coating
specifications for both cameras are identical. The Pan-
STARRS1 magnitude system is very well-defined, including
both the instrumental sensitivity and atmospheric transmission
functions (J. L. Tonry et al. 2012)

In addition to the observatories, Pan-STARRS has sub-
stantial computing capability and highly developed software
systems, including the Image Processing Pipeline (IPP,
E. A. Magnier et al. 2020b) and the Moving Object Processing
System (L. Denneau et al. 2013), necessary to reduce and
analyze the nightly flow of the time-sensitive data, as well as
periodic reprocessing that produces stacked images and other
reduced data products.
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3.2.1. Survey Strategy

The Pan-STARRS contribution to the UNIONS data set
includes the combined total historical i-band data taken with
both telescopes in the UNIONS footprint and the z-band data
in the range 30° < 6 < 42° within the UNIONS footprint. From
2009 September to 2014 April, PS1 data were taken under the
auspices of the Pan-STARRS1 Science Consortium, resulting
in the Pan-STARRS1 Surveys (K. C. Chambers et al. 2016).
The strategy for the 37 Survey (all sky north of 6 = — 30°, or
3n steradians) was focused on obtaining uniform coverage
over the 37 area in five bands while meeting multiple science
goals. The result was a complicated algorithm designed to (i)
make best use of twilight, (ii) measure parallaxes for as many
stars as possible (in the y and z bands), (iii) make multiple
exposures separated by ~20 minutes to discover moving
objects at opposition, (iv) return as soon as possible to recover
transient objects, and (v) cover the sky in every band as nearly
uniformly as possible given the weather. We refer readers to
K. C. Chambers et al. (2016) for more details.

Since 2015, Pan-STARRS operations have been funded at
the 90% level by the NASA Near Earth Object (NEO)
program, with the primary goal of discovering NEOs greater
than 140 m in diameter. As such, the survey is optimized for
this goal, not for the purpose of obtaining uniform sky
coverage. However, searching for NEOs in the Galactic plane
with our technique of difference imaging has proven to be less
than satisfactory, so the NEO survey has concentrated on the
extragalactic sky. The data from Pan-STARRS that are
included in the UNIONS survey are restricted to the data
taken that lie within the main UNIONS footprint, although we
intend to release all the data eventually. The NEO survey is
carried out in w band (a wide filter that is equivalent to
g + r + i) during dark time and i band in bright time, with four
nights centered around full moon in z-band. For more details
on the NEO survey, see R. Wainscoat et al. (2016) and
R. J. Wainscoat et al. (2022). Since the successful addition of
the WISHES program into UNIONS, the z-band coverage has
largely stopped, with the full moon time reverting to i band.

Both survey strategies use approximately 45 s exposures (it
has varied slightly over time). A consequence of this is the
very large number of exposures necessary to reach the required
total exposure time of 20,000s per pixel, or about 450
overlapping raw images. After warping and registration, the
number of reduced images that can contribute to a given stack
can be much higher, since many will only be partially
populated. The large amount of masking due to the cosmetics
and charge-transfer issues in the Pan-STARRS cameras,
together with the very large number of images that go into a
stack, means that the number of valid pixels in a given stack
varies greatly from pixel to pixel. This also means that the data
volume from the Pan-STARRS i-band and z-band contribu-
tions is 2 orders of magnitude greater than in the other bands
from other surveys.

The top and bottom panels of Figure 8 show the observing
pattern for the UNIONS Pan-STARRS data in i and z,
respectively. The significantly larger number of exposures
acquired by Pan-STARRS means that the coverage is
correspondingly more uniform, relative to the CFHT and
Subaru components of UNIONS.
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Figure 8. Localized spatial coverage in a 2° x 4° area for the Pan-STARRS i-
band (top panel) and z-band data (bottom panel), showing the observing
pattern. The color scales are the same as in Figure 1.

3.2.2. Data Reduction

Pan-STARRS images are processed using the Pan-STARRS
IPP and combined into deep stacks using a modification of the
stacking analysis described by C. Z. Waters et al. (2020), as
discussed below. Since the Pan-STARRS observations for any
portion of the UNIONS footprint accumulate over many years,
we have had the opportunity to produce stacks at multiple
dates with the data available up to that point. As of January
2025, we have generated four sets of deep stack images,
identified in what follows as the UNIONS Pan-STARRS
(Internal) Data Releases 1-4. Since these have been used over
the years by members of the UNIONS consortium for science
results and are available as part of the publicly released data,
we include a discussion of these stacks and their differences in
the following.

The UNIONS Pan-STARRS DRI1 used observations from 5
of the 10 Pan-STARRS 1 Science Consortium (PS1SC)
Medium Deep (MD) Survey fields to generate stacks with
the expected depth from the full UNIONS survey in each of
the g, 7, i, and z bands. These observations were taken during
the PS1SC mission between 2010 January and 2014 April. The
PS1SC MD fields were observed many times over the roughly
4 yr of the PS1SC mission, with typical exposures times of
g, . i, z] = [113, 113, 240, 240] s. Within a given night, one
or two filters were used for observations with a rotational
dither sequence. A series of eight exposures was obtained for
each sequence with the telescope boresite held fixed on the sky
and the position angle of the camera rotated through 120° in
steps of 15°. The resulting circular 7 deg” field of view was
thus well-covered, with detector gaps largely filled in for each
sequence. Each field has roughly 800 such exposures per filter,
which amounts to far more exposure time than needed to reach
the UNIONS depth goals. To approximate the expected depth,
we selected a randomly drawn subset of exposures, with total
exposure times of [g, r, i, z] = [30,000, 15,000, 12,500,
12,500] s, i.e., roughly [270, 130, 50, 50] exposures.
Exposures were randomly drawn from those available in order
to give a somewhat realistic distribution of seeing, sky
background, and transparency.
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These exposures were reprocessed from the raw observa-
tions following the process described by E. A. Magnier et al.
(2020b), with the astrometric and photometric calibration tied
to the Pan-STARRS 37 DR2 analysis (E. A. Magnier et al.
2020a). Astrometry is thus tied to the Gaia DRI system
through this calibration, without correction for proper motions.
Individual exposures were warped to a common pixel grid
defined to mimic the CFIS tiling of the sky: projections 0.5 on
a side with 10,000 x 10,000 pixels (as described in
Section 3.1.2). The warps were combined to generate stacks
using the stacking procedure described by C. Z. Waters et al.

(2020).

The UNIONS Pan-STARRS DR2 used observations in the i
and z bands covering two regions totaling approximately
1000 deg”. The release was generated in Summer 2019 using
data obtained through April 2019. The North Galactic Cap
portion covers 8" <R.A. <12" 30°<6<40°. The SGC
portion covers 23" <R.A. < 3", 30° < 6§ < 40°. Total exposure
times in the regions range from 3000 to 10,000 s in the i band,
and roughly 10,000 s for most of the area in the z band. These
exposures were again processed from the raw data to the full
stacks, as was done for the UNIONS Pan-STARRS DRI1 data,
using the same CFIS tessellation discussed above.

The UNIONS Pan-STARRS DR3 used observations in only
the i band, covering the full UNIONS North Galactic Cap
region, i.e., roughly 5000 deg®. This analysis was performed in
late 2021 and early 2022 using observations obtained through
2021 November. For this analysis, we bypassed the large
amount of computation time needed to reprocess the observa-
tions from raw images by starting with data already processed
to the warp stage. The Pan-STARRS team maintains an
archive of all observations obtained to date, processed to the
warp stage for rapid asteroid recovery. A particular exposure
may have been processed through the IPP multiple times over
the years, as the analysis system has been improved, but we do
not have sufficient storage to maintain multiple copies of the
processed warp images. Thus, only a single version is
available on the IPP archive, with some heterogeneity in the
software versions used. For the DR3 stacks, we used the warps
generated for the Pan-STARRS 37 Survey DR2 release for
exposures obtained before early 2015. These early exposures
are thus tied to the The Two Micron All Sky Survey (2MASS;
M. F. Skrutskie et al. 2006) astrometric reference frame used
for the pixel-level analysis of the 37 survey data; the catalog
released by the Mikulski Archive for Space Telescopes
(MAST) in 2019 was tied to Gaia DR1 in the database after
the pixels had been processed. For subsequent exposures, we
used the warps generated by the nightly processing system.
Until 2017 September 19, these exposures used the same
reference catalog used for the 37 survey, astrometrically tied to
2MASS. After that date, the nightly processing system used
the internal reference catalog based on the 37 release data,
with the astrometry tied to Gaia DRI, until 2023 April 27.
Starting on that date, the astrometry was tied to Gaia EDR3,
including compensation for proper motion to the epoch of the
observations. Note that the stellar images in the stacks
generated over this large time baseline will be affected by
the proper motion of the stars. Typical stellar proper motions
(~5mas yr ') are equivalent to roughly a quarter of a pixel,
while moderately high proper motion stars may be smeared by
2 or 3 pixels.
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The warps use the standard Pan-STARRS tiling scheme
described by E. A. Magnier et al. (2020b) called “RINGS.V3.”
In this scheme, warps are roughly 6600 x 6600 pixels, with
025 pixels yielding tiles with 27.5 on a side and with an
approximately 1’ overlap on the edges. The stacking process
used for this analysis differs somewhat from that described by
C. Z. Waters et al. (2020). That analysis generated a stack by
convolving the input warps with a smoothing kernel chosen to
result in the same target PSF for the entire input set. The
routine also generates an unconvolved version of the stack.
The goal of this PSF-matching process was twofold. First, it
was meant to enable photometry of the stack with a well-
defined PSF, but the results of this technique have been
unsatisfactory (see discussion in E. A. Magnier et al. 2020c).
The other purpose of the convolution was to allow the
rejection of outlier pixels with a consistent PSF, to avoid
inconsistent rejection of pixels in the cores of stellar images,
again to avoid disturbing the PSF shapes. The concerns about
inconsistent pixel rejections have proven unimportant for
stacks using hundreds of input images. Given the high
computational cost of the convolutions used previously, we
have modified our stacking process to eliminate that step, and
only generate an unconvolved stack image in our analysis.
With the large number of input exposures, we are able to more
robustly reject outlier pixels by sorting the input values (for a
given pixel) and calculating the average after rejecting a fixed
(symmetric) fraction of these values. Note that this calculation
is similar to the calculation of the median, but results in lower
variance than the median.

The UNIONS Pan-STARRS DR4 data set used observations
from both Pan-STARRS 1 and Pan-STARRS 2 telescopes to
generate deep stacks in the i band and z band. The i-band
stacks cover the UNIONS North Galactic Cap region and the
z-band stacks cover the region gh <RA. < 18h, 30 <6< 42°.
The i-band stacks were generated in Summer 2023 using
observations obtained through 2023 June. The z-band stacks
were generated in 2024 February using observations available
through that month. The PS1 and PS2 stacks were generated
independently, then combined together using a simple average,
weighted by per-pixel inverse variance.

The input warp images are photometrically calibrated by the
nightly science analysis system and tied to the Pan-STARRS
37 Survey DR2 release. The Pan-STARRS stacks have highly
textured point spread functions from the many input images,
making accurate PSF photometry measurements directly from
the stack pixels challenging. We have performed demonstra-
tion photometric analysis tests using the stack positions to
force the PSF photometry on the input warp images. These
show that deep photometry may be measured with a bright-end
rms scatter of approximately 5—-8 mmag, in comparison with
the Pan-STARRS 37 Survey photometry.

3.3. WISHES

WISHES is an open-use program of the Subaru Telescope
approved in 2020 June as an Intensive Program using the HSC
instrument, a wide-field imager mounted on the prime focus of
the Subaru 8.2 m telescope (S. Miyazaki et al. 2018). HSC uses
104 science CCDs to cover a 1.5 diameter field of view with a
pixel size of 0.168 (Y. Komiyama et al. 2018; see also
S. Miyazaki et al. 2018 and H. Aihara et al. 2018). The
properties of the broadband grizy filters are presented in
S. Kawanomoto et al. (2018) and summarized in Section 2.3.2.
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Thanks to carefully designed optics, HSC achieves seeing-
limited imaging on Maunakea during most of its observations
(H. Furusawa et al. 2018; S. Miyazaki et al. 2018). A second
Subaru Intensive Program, WISHES+, was accepted for
observing between S24B and S27A, to survey the NGC region
below ¢ = 30° down to § = 15° as outlined in Figure 1.

3.3.1. Survey Strategy

WISHES obtains the majority of the z-band imaging for
UNIONS, and complements the z-band observations pre-
viously obtained by Pan-STARRS. The exposure time of each
HSC pointing is set to 240 s, which is split into three dithered
subexposures. The target limiting magnitude is 23.4 mag (100
within a 2” aperture). This is deeper than the other large z-band
surveys in this region of sky, the Mayall z-band Legacy Survey
(MzLS; Z. Zhou et al. 2018; A. Dey et al. 2019) and Pan-
STARRS 3, by approximately 1 and 2 mag, respectively. The
total on-source observing time (excluding readout and other
overhead time) of WISHES for the original area around the
NGC is 200.9 hours, which roughly corresponds to 40 nights,
including overheads and typical weather. WISHES+ corre-
sponds to an additional 106 hours (15.1 nights).

We searched for the archival HSC data (H. Baba et al. 2002)
to avoid duplications of HSC z-band imaging in the WISHES
footprint. We find that the Hawai’i eROSITA Ecliptic Pole
Survey (HEROES; A. Songaila et al. 2018; A. J. Taylor et al.
2020, 2021) obtained deep z-band imaging data over
approximately 45 deg® of the sky centered at the northern
ecliptic pole. These images typically have a seeing of 0'6 and
achieve a depth of 24.2 mag (10c within a 2” diameter
aperture), which is of sufficient quality to be used for
WISHES. In addition, the HSC Subaru Strategic Program
(HSC-SSP; H. Aihara et al. 2018) Wide layer targets an
approximately 50 deg® region at § ~ 43° and 200° < R.
A. < 250°. Given the total exposure time of 1200s for each
HSC pointing, these images are much deeper than WISHES.
We therefore removed from WISHES any fields that overlap
significantly with HEROES and the HSC-SSP Wide layer.

Given the challenges of tesselating the HSC footprint on the
celestial sphere, we chose to follow the HSC-SSP (H. Aihara
et al. 2018) strategy and allow for overlaps of the HSC
pointings at the edges, to ensure an efficient tiling pattern. This
results in an effective area of each HSC pointing of 1.46 deg?
(the area of an inscribed regular hexagon in the HSC field of
view). We used the method described in R. Swinbank &
R. James Purser (2006) to calculate the locations of all the
fields necessary to cover the WISHES footprint, resulting in a
total of 3014 HSC pointings. For WISHES+, an additional
928 pointings are required.

Following the dithering strategy in the HSC-SSP Wide layer
(H. Aihara et al. 2018), we adopt a dithering pattern with large
offsets to mitigate an inhomogeneous depth due to vignetting.
Specifically, for each pointing center, we obtain three dithered
exposures that are located on a circle of radius 0.3 centered at
that position, such that the three positions are equally spaced
on the circle and the first position is rotated clockwise by 21°
from the north-south direction (i.e., NDITH = 3,
RDITH = 0.3, and TDITH = 21°). Figure 9 illustrates the
WISHES observing pattern.

All the WISHES observations are conducted in queue mode.
The requested observing conditions are that the seeing is better
than 17, the transparency is better than 0.7, and the airmass is
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Figure 9. Localized spatial coverage in a 2° x 4° area for the WISHES z-band
data showing the observing pattern. The color scales are the same as in
Figure 1.

less than 2.0. Observations are conducted on dark and gray
nights with a requirement that the target field should be at least
30° away from the Moon. There is no requirement regarding
the cadence of our observations.

3.3.2. Data Reduction

The data processing for WISHES is performed with a
variant of the LSST Science Pipelines (J. Bosch et al. 2018;
J. Bosch et al. 2019) called hscPipe version 8.5.3. This is
exactly the same version of the software that was used in the
HSC Subaru Strategic Program (SSP) survey (H. Aihara et al.
2022), and we follow the same process. Briefly, all CCDs are
first detrended and calibrated for astrometry and photometry
using Pan-STARRS DRI (E. A. Magnier et al. 2020a) as the
reference catalog. No fringe correction is applied. Second,
joint-exposure calibrations are performed to refine the
calibrations on individual CCDs for both astrometry and
photometry. Then, calibrated CCDs are assembled and
combined into coadded images on predefined tiles. In the
coaddition process, only the CCD images that satisfy a
condition of seeing <1°3, transparency >0.3, and sky back-
ground count <45,000 DN are included. The global sky
background pattern is subtracted, so that the resultant images
preserve light profiles of extended or bright objects. The basic
scheme of the global background subtraction used in our
processing is the same as described in H. Aihara et al. (2019).
However, different sky frames are generated for each
observing run, or for a few consecutive runs. Each sky frame
combines 50 or more exposures in each sky frame and is
applied to CCD images for background correction. Full-focal-
plane background estimation is performed during the coaddi-
tion stage, and it removes global patterns on a larger spatial
scale that varies from exposure to exposure. Sky frames are
used to remove relatively small (<257 scale) patterns that
remain persistent and are invariant across the observing time
frame. Finally, sources are detected and measured with various
algorithms on the coadded images. In this catalog generation
step, object peaks are first detected based on the signal-to-
noise ratio (S/N) of the objects, and fluxes belonging to
individual peaks are deblended into separate footprints. Then,
photometric parameters are measured for each object. The flux
measurement algorithms include fixed-aperture, Kron, PSF-fit,
and CModel (a galaxy model fit combining an exponential disk
and a de Vaucouleurs profile) photometry.

A major difference of the WISHES processing from that
adopted in the SSP is the configuration of the sky tiles across
the survey footprint. In the SSP, they are based on the ring tiles
with approximately 1.7 widths, and each tile (or “tract,” in the
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Figure 10. The localized spatial coverage in a 2° x 4° area for the WHIGS g-
band data, showing the observing pattern. The color scales are the same as
Figure 1.

LSST terminology) was further divided into 81 subareas
(called patches) for processing. However, we adopt the CFIS
tiling strategy to make the coadded images have the same
geometry as the other survey components. In addition, because
we process only z-band images, we do not apply the FGCM
(D. L. Burke et al. 2018) calibration, which is designed to
deliver better calibration when applied on multiple bands. We
instead use jointcal (J. Parejko & P. Astier 2018) for both
astrometry and photometry. The resulting photometric calibra-
tion is comparable to the that of the Hyper Suprime-Cam
Subaru Strategic Program (H. Aihara et al. 2022) i-band data,
with a typical zero-point uncertainty of 5 mmag.

3.4. WHIGS

WHIGS, like WISHES, uses the HSC on Subaru. However,
observing time is obtained through a combination of a
Canadian-led Subaru Intensive Program via Gemini-Subaru
exchange time (led by M.H.) and through PI programs led
from the University of Hawai’i (led by K.C.).

3.4.1. Survey Strategy

The observing strategy of WHIGS is designed to work
around existing archival g-band data, resulting in a hetero-
geneous tiling scheme that optimizes the area covered to an
adequate depth, in preference to ensuring that small gaps are
covered. We use three different sky tessellations that, like
WISHES, treat the field of view of HSC as hexagonal. These
different tessellations serve as dithers that fill the gaps between
chips and enable bad-pixel rejectlon and result in an effective
field of view for tiling of 1.46 deg”. Figure 10 illustrates the
WHIGS observing pattern.

Our nominal integration time is 150s, split as three
subexposures of 50s each. Including overheads of 40s per
subexposure results in a total time of 270 s per HSC field of
view. Observing was conducted primarily in classical mode,
and so the nominal exposure time of 50s is adjusted in real
time to account for changes in weather conditions and
observing transparency. Our baseline conditions assume a
transparency of 0.8, at least 4 days from a full Moon phase,
and a 65° Moon distance. As described in Section 2.3.2, this
allows us to reach our target limiting magnitude of g = 24.5
(10 o, 2" diameter aperture).

3.4.2. Data Reduction

Processing of the WHIGS data, like WISHES, is done using
the LSST Science Pipelines, specfically hscPipe 8.5.3. Images
are detrended to correct for bias, dark current, and flat-field
effects. Given that WHIGS is limited to the g-band filter, there
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is no need to perform fringe corrections. In the same manner as
for WISHES data reduction, global sky background patterns
are determined and subtracted across the focal-plane. Subse-
quently, astrometric calibration of individual images is
performed against the Gaia DR2 catalog (Gaia Collaboration
et al. 2016, 2018) and photometric calibration against the Pan-
STARRS DRI catalog (E. A. Magnier et al. 2020a). The
calibrated final photometry is in the HSC filter system and in
AB magnitudes.

Following calibration of the individual images, coadds are
made on the same tile grid as the CFIS survey. For each tile,
only individual images with an S/N >3 at our reference
magnitude of g = 24.5 are included in the stacks. This results
in a total of 20,644 tiles with g-band coverage as of January
2025. Object detection on the coadded images is performed
using the default setting of the LSST Science Pipelines’ peak-
finding algorithm, which discards sources with S/N < 5.

Deblending of sources is performed to remove the light of
neighboring, blended objects when finding and measuring
sources. We make use of the Scarlet deblender (P. Melchior
et al. 2018), which is available to use within the LSST
Pipelines framework, and produces better results than the
default option at the same computational resource cost.
Following this, PSF-fitting photometry is performed on the
object list to produce the final deep coadded catalog, producing
positions, magnitudes, and star—galaxy separation metrics.
Again, the resulting photometric calibration is comparable to
the that of the Hyper Suprime-Cam Subaru Strategic Program
g-band data with a typical zero-point uncertainty of 6 mmag.

4. Unified Multi-band Catalogs

Given the nature of UNIONS as a multi-telescope survey,
the survey components have proceeded at different rates.
Because the unique constraints at each telescope specific to the
time allocations, different regions of the main survey area were
observed at different times. As such, the overlap between the
different bands was initially quite limited, and it made sense
for the photometric catalogs to be created independently. Now,
with full five-band coverage of the majority of the main survey
area, homogeneous photometric catalogs are being created in
which all five bands are processed simultaneously. Here, we
describe the first of these catalogs, which uses the GAaP
(Gaussian Aperture and PSF; K. Kuijken 2008; K. Kuijken
et al. 2015, 2019) method, which will be made available to the
community upon release of the UNIONS data set.

The GAaP method provides accurate high-S/N multi-band
photometry of the typical small galaxies (and stars) in high
Galactic latitude wide-field imaging surveys. The processing
involves a shapelet-based PSF model that is being used to
define a spatially varying kernel, which convolves an image to
a common (i.e., spatially constant), isotropic Gaussian PSF.
This is done for each band individually, keeping each PSF as
compact as possible, and thus avoiding any loss of information
due to blurring.

The resulting set of so-called “Gaussianized” images is then
ideally suited for forced photometry with Gaussian-weighted,
elliptical apertures. The Gaussian weight function is chosen
individually for each band to account for the PSF size
differences between bands, yielding accurate colors of the
same physical parts of objects across wavelengths. Flux errors
are estimated by taking into account the correlated noise
introduced by the convolution and any other aspect of data
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reduction via a direct measurement of the pixel-to-pixel
autocorrelation.

As an aperture-based forced photometry method, GAaP
fluxes are generally not total fluxes, with light leaking out of
the aperture for extended objects. For stars, however, GAaP
yields accurate total fluxes across bands. The Gaussian
weighting means that the central parts of galaxies are
upweighted in comparison to their outskirts. In the absence
of color gradients within an object, this still yields accurate
global colors, whereas otherwise, colors are biased toward the
center. For a typical spiral galaxy, with a redder core and a
bluer extended disk, this has the added benefit of concentrating
on those central parts of the galaxy with a pronounced 4000 A
break, making it easier to estimate a photometric redshift.
However, the radial weighting might bias the global color of
an extended galaxy in presence of such color gradients, which
needs to be taken into account for some other applications.

In practice, GAaP is implemented such that it can easily
work with images from different cameras, different footprints,
and different pixel grids. The method can be applied to stacks
as well as individual exposures; both of those modes have been
used extensively in the KiDS (J. T. A. de Jong et al. 2013),
especially in its combination with the VISTA Kilo-degree
INfrared Galaxy survey (VIKING) infrared data (K. Kuijken
et al. 2019; A. H. Wright et al. 2019, 2024).

For UNIONS, the GAaP method is applied to stacks from all
available bands in 30’ x 30’ tiles using the versatile PHOTO-
PIPE”® package (A. H. Wright et al. 2024). These UNIONS
tiles are arbitrarily defined and do not correspond to a
particular pattern of observation. As such, exposures with quite
different PSF properties can enter a stack. Careful selection of
stars is performed to capture those PSF variations in the model,
but it is clear that this aspect of the implementation ultimately
limits the accuracy of the photometry.

A SExtractor (version 2.19.5) catalog based on the CFIS r-
band tiles is used to define the elliptical apertures for the
forced photometry step on all five UNIONS bands. The
SExtractor parameters are the same as described in Section 7
of S. D. J. Gwyn (2012). Subsequently, the stellar multi-band
photometry is compared to an external reference catalog, such
as SDSS, as a means of tile-wise quality control.

The algorithms are optimized such that a five-band survey
with the area of UNIONS can be run in approximately 10 days
on 100 modern CPU cores (depending somewhat on I/O limits
and overheads). In the future, it is planned to apply GAaP to
individual UNIONS exposures instead of stacks (similar to
what has been done by the KiDS team with the VIKING
infrared data), which should improve the PSF modeling further
and enhance the robustness and S/N of the GAaP multi-band
photometry, at the expense of significantly higher computa-
tional demands.

To demonstrate the utility of this catalog, Figure 11 presents
a comparison between photometric redshifts, calculated using
the Bayesian Photometric Redshift code (BPZ; Benitez 2000),
and a high-quality spectroscopic redshift compilation. This
compilation was created by retrieving, cross-matching, and
merging major spectroscopic surveys including SDSS, DESI,
and HectoMAP (J. Sohn et al. 2023) within the UNIONS
footprint, using the median redshift for objects with multiple
measurements and retaining only redshifts with high-quality

73 https://github.com /hendrik 1008 /PhotoPipeUNIONS
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Figure 11. Photometric redshifts estimated with BPZ from the GAaP catalog
vs. spectroscopic redshifts. This logarithmically scaled density plot (arbitrarily
normalized) shows the quality of ugriz photo-zs obtained from UNIONS
multi-band photometry. The dashed and dotted lines indicate the limits for
outliers, as defined in Section 4.

flags. A forthcoming publication will provide a complete
description of the spectroscopic data compilation. The spectro-
scopic sample has been weighted such that its r-band number
counts correspond to the UNIONS r-band number counts in
the GAaP catalog. Hence, the performance statistics quoted in
Figure 11 give a fair representation of what can be expected
from the full UNIONS catalog. We compute the median and
normalized median absolute deviation (NMAD) of the quantity

Az
14z

Zspec — Zphot

= , 3)
1+ Zspec

representing the photo-z bias and scatter, respectively. We also
quote the rate of outliers, 7, which we define as objects with
Az/(1 4+ z) > 0.15 (reported as 79.15) and Az/(1 + z) > 0.25
(reported as 1g,5). The photo-z quality shown here compares
favorably to previous stage III imaging surveys (e.g., compare
to Figure 7 of A. H. Wright et al. 2019) and already comes
close to the Euclid primary science requirements for photo-z
(~5% scatter and ~10% outliers) even before adding the
space-based Euclid photometry to UNIONS, especially the
three high-SNR NISP-P infrared bands.

5. UNIONS and Euclid

While UNIONS is a scientific survey in its own right, it is
also a major contributor to the ground-based component of the
Euclid space mission, as discussed in Section 2.1.4. The Euclid
Consortium (EC) is producing its own advanced data products
from UNIONS data, and the pipeline that is being used is
different from the pipelines described in the previous sections.
Euclid data processing is outlined in Sections 7.3 and 7.4 of
Euclid Collaboration et al. (2025), and as such, Euclid data
products based on UNIONS data should not be confused with
the UNIONS data products—including the processed images,
stacks and unified photometric catalogs—described in the
previous sections of this paper.

Within the EC, OU-EXT (Organizational Unit: External) is
responsible for the “Euclidization” of external surveys. OU-
EXT takes as input the UNIONS Single Epoch Frames (SEFs).
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UNIONS delivers the SEFs fully detrended, with a full
astrometric and photometric solution. OU-EXT does not repeat
the detrending, nor does it recompute the astrometric solution.
However, it does redo the photometric calibration using Gaia.
In Phase 1, the Gaia G, BP, and RP photometry is converted
into the UNIONS griz photometry with a series of color terms.
The source density is sufficient to independently calibrate each
SEF. In Phase 2, the spectra from Gaia DR3 are multiplied by
the UNIONS filter bandpasses to produce in-field standards for
each SEF. The source density of Gaia sources with spectra is
lower; therefore, the Gaia calibration sources are used to
bootstrap a higher-density catalog derived from the SEFs
themselves. OU-EXT then stacks the images to produce
coadds.

OU-MER (Organizational Unit: Merge; E. Romelli et al.
2025) takes the coadds produced by OU-EXT and merges
them with the Euclid data. Forced photometry using
SourceXtractor++ (E. Bertin et al. 2020) and TPHOT
(E. Merlin et al. 2015) is generated using the Euclid data as
a prior. Images from the space-based Euclid telescope have
significantly higher resolution than the ground-based UNIONS
images. Euclid can resolve multiple adjacent sources that may
be merged in the UNIONS data. Thus, the resulting catalog is
optimized specifically for Euclid. Euclid data releases will be
built incrementally; the catalog in each Euclid data release will
only contain UNIONS data over the Euclid footprint available
at the time of that data release.

6. Summary

UNIONS is using CFHT, the Pan-STARRS telescopes, and
the Subaru Observatory to obtain ugriz images in a core survey
area of 6250deg® of the northern sky. The 100 point source
depth of the data, as measured within a 2" aperture, are
[u, g, r, i, z] = [23.7, 24.5, 24.2, 23.8, 23.3] mags. UNIONS is
a stand-alone scientific survey in its own right that has already
contributed to more than 30 articles in the peer-reviewed
literature, from near-field cosmology to the low surface
brightness Universe, weak lensing, and cosmology. It is set
to become a major ground-based legacy survey for the
northern hemisphere over the next decade, and it provides an
essential northern complement to the static-sky science of the
LSST. UNIONS supports the core science mission of the
Euclid space mission by providing the data necessary at
6 > 15° for the derivation of photometric redshifts in the north
as well as other science that requires multi-band photometry.

UNIONS data products will be made available to the
international community via two public data releases. The first
of these will consist of all data observed up to the end of S25A
in all the UNIONS bands. A subsequent release will coincide
with the completion of the extension region at 6 < 30° now
being observed. The data will be released through the
Canadian Astronomical Data Centre. The data products will
consist of the following:

1. Coadded images. The tiles described in Section 3,
including their associated weight maps. The data will be
made available in the CADC’s VOSpace for bulk
download, together with a cutout service. The images
from the different surveys will be homogenized into a
consistent format.

2. Calibrated individual images. The individual images
from the CFHT and HSC surveys will be available via
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VOspace, in the format produced by their respective
pipelines. The individual images from the Pan-STARRS
survey will not be made available, due to data volume
constraints.

3. Catalogs. The GAaP multi-band photometric catalog
will be available for bulk download as FITS tables, as
well via the CADC’s Table Access Protocol (TAP),
either via the TAP service or via the CADC’s instance of
the Firefly interface (W. Roby et al. 2020).
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