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Abstract

Studying the environments of dusty star-forming galaxies (DSFGs) provides insight into whether these luminous
systems are reliable signposts of large-scale overdensities. Evidence suggests that individual DSFGs can trace
overdense environments, although this association may not be universal. To test this, we investigate the
environments surrounding two luminous, gravitationally lensed DSFGs (SDP.17b at zg,.. = 2.3049 and HELMS-
55 at zZgpee = 2.2834). Using Gemini South Flamingos-2 (F2) K,-band imaging together with ancillary Subaru
Hyper Suprime-Cam and Hubble Space Telescope multiband photometry, we obtain photometric redshifts, zphor
as well as star formation rates and stellar mass estimates for companion galaxies of the DSFGs. At least 5 4= 2 and
15 & 3 companion galaxies exist with consistent z,po (dz < 0.2) within a projected separation of 5.5 cMpc of
SDP.17b and HELMS-55, respectively. These correspond to galaxy overdensities of § = 0.1 + 0.2 and
6 = 1.0 £ 0.3, with significances of (0.2 £ 0.4)0 and (2.2 £+ 0.6)0, respectively. On the My,-overdensity-
significance plane, HELMS-55 may follow the positive correlation between the gas mass and the overdensity
significance, while SDP.17b lies well above the relation despite its large gas reservoir, making it a potential
outlier. Based on this study of two DSFGs, our photometric analysis suggests that DSFGs can trace the outskirts
of protoclusters or associated large-scale structures. However, our small sample prevents firm conclusions about
their ability to pinpoint dense cluster cores. Future multi-object spectroscopic observations are required to confirm
the membership and star formation properties of the companion galaxies.

Unified Astronomy Thesaurus concepts: Galaxies (573); Galaxy photometry (611); Protoclusters (1297); Galaxy
evolution (594); Galaxy environments (2029); High-redshift galaxy clusters (2007); Galaxy clusters (584)
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1. Introduction

As the most massive gravitationally bound systems in the
Universe, galaxy clusters play a central role in tracing the
growth of large-scale structure. Studying their progenitors,
known as protoclusters, can help provide a better under-
standing of the assembly of clusters and cluster galaxies
(R. A. Overzier 2016; S. Alberts & A. Noble 2022). There are
varying definitions of protoclusters in the literature, however,
they are commonly defined as overdensities of galaxies or dark
matter halos at high redshift that will eventually collapse into a
massive, virialized galaxy cluster (R. A. Overzier 2016; halo
mass > 10" M., at z>0). Protoclusters are expected to have
dark matter halos ranging in radius from ~1 to 10 comoving
Mpc (cMpc) based on the Millennium cosmological N-body
simulation (V. Springel et al. 2005) and semi-analytic models
(Y.-K. Chiang et al. 2017); however, there is no unique

i Corresponding author joey.bhangal @ubc.ca.

Original content from this work may be used under the terms

of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

definition of protocluster size, which makes it challenging to
determine whether different selection methods agree and are
equally accurate (S. I. Muldrew et al. 2015; C. C. Lovell et al.
2018; S. Lim et al. 2024).

Observationally, no consensus exists on how protocluster
environments affect galaxy evolution in terms of star
formation rates (SFRs) and gas content. Protocluster galaxies
are found to have boosted (R. Shimakawa et al. 2018a;
E. B. Monson et al. 2021), suppressed (K.-V. H. Tran
et al, 2015), or similar SFRs (T. Kiyota et al. 2025) compared
to field galaxies. They are also reported to be more gas-rich
than field galaxies (A. G. Noble et al. 2017; K.-i. Tadaki et al.
2019) or similar in gas content (G. Castignani et al. 2020;
K. Aoyama et al. 2022). The diversity of observational results
requires a combined perspective from models and well-defined
observations to better understand the role of the environment
in galaxy evolution.

Cosmological simulations have predicted that protoclusters
contribute significantly to the stellar mass budget of the
Universe (e.g., L. Bassini et al. 2020). However, many struggle
to reproduce key observables, particularly the high SFRs seen
in protocluster cores at z > 2, in part due to the lack of realistic
interstellar medium (ISM) modeling (S. Lim et al. 2021). This
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highlights the need for further observational studies of high-
redshift protoclusters to refine these models.

Both observational (P. L. Capak et al. 2011; H. Dannerbauer
et al. 2014; H. Umehata et al. 2015; T. B. Miller et al. 2018;
L. Oteo et al. 2018; Y. Harikane et al. 2019; A. S. Long et al.
2020; R. Calvi et al. 2023) and theoretical studies (P. Araya-
Araya et al. 2024) suggest that dusty star-forming galaxies
(DSFGs; also known as bright submillimeter galaxies, SMGs)
may be strongly associated with overdense environments at
2 < z < 6. DSFGs are often found in some of the most massive
dark matter halos at a given epoch (D. P. Marrone et al.
2018; C. Garcia-Vergara et al. 2020; S. M. Stach et al. 2021;
P. Araya-Araya et al. 2024), making them promising
signposts for protoclusters and massive halo environments
(A. Wilkinson et al. 2017; D. Donevski et al. 2018;
T. B. Miller et al. 2018). However, the reliability of DSFGs
as protocluster tracers remains debated. Several studies argue
that DSFGs, especially bright ones, are incomplete tracers of
overdensities due to their rarity and short starburst duty cycle
(S. C. Chapman et al. 2009, 2015; T. B. Miller et al. 2015;
C. M. Casey 2016; N. Alvarez Crespo et al. 2021; F. Gao et al.
2022). For instance, F. Gao et al. (2022) found that >96% of
their protocluster candidates do not host bright DSFGs, and
hypothesized that this is due to the short-lived, enhanced
starbursting phase of DSFGs. Even one of the most luminous
(unlensed) DSFGs, HS1700.850.1 at z = 2.82, was found to
reside in an underdense galaxy environment by S. C. Chapman
et al. (2015). In contrast, R. Calvi et al. (2023) systematically
found that 11 out of 12 of DSFGs in their study (92% =+ 8%)
reside in galaxy overdensities, suggesting that at least some
populations of DSFGs can be effective tracers of protocluster
environments. Some studies find a diversity of environments,
with T. M. Cornish et al. (2024) reporting DSFGs located in
significant and moderate overdensities and field-like regions.
This tension highlights the importance of better understanding
which selection of DSFGs (e.g., bright versus faint, lensed
versus unlensed) is most predictive of large-scale structure.

The identification of overdensities and protocluster environ-
ments around DSFGs has relied on a variety of methods, each
introducing selection biases that shape our interpretation of
DSFGs as tracers. For instance, identifying overdensity
candidates using deep millimeter imaging surveys with the
South Pole Telescope followed by Atacama Large Millimeter/
submillimeter Array (ALMA) spectral scans (e.g., T. B. Miller
et al. 2018) tends to favor strongly lensed or intrinsically
luminous systems due to sensitivity limitations. Similarly,
single-dish observations with instruments like SCUBA-2 are
biased toward the brightest dusty galaxies (e.g., S. C. Chapman
et al. 2015; A. Wilkinson et al. 2017). Although ALMA
follow-up can resolve blended sources into multiple compo-
nents (e.g., I. Oteo et al. 2018), its narrow field of view (FOV)
may miss fainter, spatially offset companions. Other
approaches, such as identifying overdensities via Lya or Ha
emission with ALMA or Keck (e.g., H. Umehata et al. 2015;
Y. Harikane et al. 2019), are biased against dusty or Lya-faint
galaxies, potentially missing obscured members. Each of these
methods carries its own selection biases, influencing how we
interpret DSFG environments. Although spectroscopic con-
firmation provides robust redshift information, it is observa-
tionally expensive and limited to brighter sources. In contrast,
photometric redshifts (e.g., R. Calvi et al. 2023) and
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submillimeter (submm) surveys enable larger samples but
suffer from redshift uncertainties.

Compared to other tracers of galaxy overdensities, such as
high-redshift radio galaxies (HzRGs), DSFGs are at least
10 times more common (M. Reuland et al. 2003; R. Calvi
et al. 2023), and the negative K-correction allows them to be
detected independent of redshift at a fixed luminosity
(A. W. Blain et al. 2002). Therefore, this paper aims to test
whether luminous DSFGs have overdense environments
characteristic of protoclusters. To search for potential
structures around luminous DSFGs, we survey a wide area
around the central source, sufficiently deep at a near-infrared
(NIR) wavelength (a tracer of stellar mass in rest-frame
optical), hence the need for deep Gemini K;-band data.

In this paper we present new Gemini South Flamingos-2
K-band imaging, complemented by ancillary Subaru Hyper
Suprime-Cam (HSC) optical and Hubble Space Telescope
(HST) NIR imaging data. We test whether DSFGs are tracers
of overdense regions by quantifying the overdensity of the
environments of two DSFGs, namely SDP.17b at zgpe. = 2.3049
and HELMS-55 at zg,. = 2.2834. This paper is organized as
follows. Section 2 describes the target selection and dataset used.
We describe the source detection and photometry, photometric
redshift fits, overdensity analysis, and estimating the properties
of galaxies in Section 3. We conclude the paper with a
discussion of our results and future plans in Sections 4 and 5. All
magnitudes are expressed as AB magnitudes for this paper
(J. B. Oke 1974). Throughout this paper, we adopt a spatially flat
ACDM cosmology with Hy=67.66kms ' Mpc™' and
Om=0.30966 (Planck Collaboration et al. 2020), and a
G. Chabrier (2003) initial mass function (IMF) is assumed.

2. Target Selection and Data
2.1. SPOTLESS

We analyze the environments around two DSFGs: SDP.17b
(Zgpec = 2.3049 £ 0.0006; A. Omont et al. 2011) and
HELMS-55 (zZgpec = 2.2834 4 0.0002; P. Cox et al. 2023).
These two DSFGs were selected from the Searching for
Protoclusters through Observations Tracing Luminous Extra-
galactic Sources Survey (SPOTLESS), a collection of dusty
galaxies drawn from Herschel surveys. SPOTLESS is based on
an extensive decade-long spectroscopic redshift campaign
targeting ~300 Herschel-selected DSFGs over 1000 deg?
(A. M. Swinbank et al. 2010; H. Fu et al. 2013; M. Negrello
etal. 2017; C. Yang et al. 2017; Y.-H. Wu et al. 2019; R. Neri
et al. 2020; S. A. Urquhart et al. 2022; P. Cox et al. 2023 and
references therein). The SPOTLESS sample is shown in
Figure 1 and is available in our GitHub repository'? and on
Zenodo (J. Bhangal et al. 2025). The spectroscopic redshifts of
this subset of Herschel-selected DSFGs enable the character-
ization of galaxies in their immediate environment. SPOT-
LESS targets are selected at z ~ 2 such that Ho emission falls
within the K-band, making them suitable for observation with
multi-object spectrographs (MOS) and/or narrowband filters.

The sources in the SPOTLESS sample show a wide
distribution of CO line widths, extending to ~1200 kms ™" for
the broadest lines, with a median value of the full width at half-
maximum (FWHM) of ~600 km s~ !, measured across multiple
transitions (e.g., CO(3-2), CO(4-3), and CO(2-1)). SDP.17b

'2 https://github.com /Joe-Bhangal /SPOTLESS
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Figure 1. A subset of the SPOTLESS sample of Herschel DSFGs with
available line FWHM measurements from the literature. Redshifts are
determined via targeted, mostly interferometric, submillimeter CO line
observations. The y-axis shows the FWHM of the line, serving as a proxy
for the galaxy’s internal kinematics. Red markers indicate galaxies at
2.1 £ z < 2.3, where prominent spectral features fall within the K-band for
MOS follow-up. Green and yellow markers highlight the two DSFGs studied
in this paper: SDP.17b and HELMS-55, respectively. Blue markers denote the
rest of the SPOTLESS samPle. This plot is zoomed in to redshifts 1.5 <z < 4
and FWHM < 1450 km s~ to highlight the bulk population of the sample.

and HELMS-55 have line widths of 320 + 10 CO(4-3) and
471 £29kms~' CO(3-2), respectively, placing them toward
the lower end of the SPOTLESS sample, suggesting moderate
dynamical masses or low gas turbulence. In the apparent
CO luminosity (L{p) versus FWHM relation of DSFGs
(T. R. Greve et al. 2005; M. S. Bothwell et al. 2013; S. Jin
et al. 2021; P. Cox et al. 2023), both sources fall well above the
relation due to their high apparent CO luminosities, consistent
with the effects of gravitational lensing.

This pilot study focuses on the NIR continuum imaging of
two bright DSFGs. SDP.17b was originally detected in the
Herschel-ATLAS science demonstration phase (SDP; S. Eales
et al. 2010). HELMS-55 originates from the Herschel Multi-
tiered Extragalactic Survey (HerMES) Large Mode Survey
(HELMS; V. Asboth et al. 2016). Both SDP.17b and HELMS-
55 are galaxy—galaxy gravitational lens systems (M. Negrello
et al. 2010, 2014; H. Nayyeri et al. 2016; E. Borsato et al.
2024). SDP.17b is lensed by a foreground galaxy at a
spectroscopic redshift of zgpe. = 0.9435 4-0.0009 (SDP.17a;
M. Negrello et al. 2014), shown in magenta in the red, green,
and blue (RGB) cutout in Figure 2. HELMS-55 is included as
a lens candidate in H. Nayyeri et al. (2016), and subsequent
imaging with HST (E. Borsato et al. 2024) and HSC
(T. J. L. C. Bakx et al. 2025, in preparation) confirms that it
is gravitationally lensed by a bright foreground galaxy.

2.2. Gemini South Flamingos-2 Ks-band Imaging

We present the first results of the SPOTLESS-Gemini
program, in which we use the Flamingos-2 (F2) instrument to
obtain wide-field K -band imaging toward SDP.17b and
HELMS-55. F2 is an imager with a circular FOV spanning 62
in diameter, and it also operates as a long-slit and multi-object

Bhangal et al.

spectrograph (S. S. Eikenberry et al. 2004; R. Diaz et al. 2022).
SDP.17b and HELMS-55 were chosen as pilot targets for the
SPOTLESS-Gemini program since they have ancillary optical
observations to enable photometric redshift estimates and thus to
test the overdensity hypothesis. A summary of the photometric
data for each target environment is shown in Figure 2. The
environment around SDP.17b was observed in the K-band for
9587 s from 2022 October to 2023 January (program ID GS-
2022B-Q-312; PI: Allison Man); however, 6644 s of the data
was contaminated by artifacts. Therefore, follow-up K -band
observations were conducted for an additional 9072 s in 2025
April (program ID GS-2025A-Q-308; PI: Joe Bhangal). The
environment around HELMS-55 was observed in the K-band
for 9782 s in 2023 September (program ID GS-2023B-Q-316;
PI: Allison Man). Table 4 contains the full observation log for all
programs. Observations of the SDP.17b and HELMS-55
environments were conducted under image quality conditions
ranging from 70% to 85% (good to poor) and cloud cover
between 50% and 70% (clear to cirrus). Table 1 provides
information about the quality of the observations used for this
analysis, including the point-spread function (PSF) FWHM and
the 30 point-source sensitivity within a 2” diameter aperture.

The K,-band imaging data was processed using Data
Reduction for Astronomy from Gemini Observatory North
and South ( 13. K. Labrie et al. 2023; C. Simpson
et al. 2024). The calibrated K-band images have a pixel scale
of ~0 179 pixel "'. Following the observatory data calibration
advice, H-band flat frames were used to create a master flat to
correct for the transmission across the FOV, as the K-band flat
frames are affected by the variable thermal emission from
the telescope.® A customized version of the

calibration recipe was used to calibrate the
K,-band images. Two modifications were made to the default
calibration recipe that improved the
calibration. To define the statistics for scaling the sky frame to
the science frames, one specific region for each target
environment was used instead of the entire F2 K,-band
images. These regions were manually chosen to give a more
accurate level for the sky without artifacts or bright stars. We
also extended the time constraint for defining sky frames to
include the full length of the dither pattern. Artifacts were
discovered in the SDP.17b environment’s 2022/2023 K,-band
imaging. At the moment, there is no method to correct them,
so the contaminated data (6644 s) was discarded, and new
observations were conducted.

The PSF FWHMs of the K -band images were determined
by fitting 2D Gaussians to stacked cutouts of known stars in
the image (see Section 3.1 for more details).

'3 (D. Lang et al. 2010) was used to correct for astrometric
offsets to the J2000 reference frame for each image.

2.3. Ancillary Data

Ancillary optical grizy band images were obtained from the
Subaru HSC Public Data Release 3 (PDR3; H. Aihara et al.
2022) via the HSC query service,'® along with their respective
weight maps. These optical images cover the full K,-band F2

'3 hitps:/ /www.gemini.edu/observing /phase-iii /reducing-data /dragons-
data-reduction-software

' hitps: //gemini-iraf-flamingos-2-cookbook.readthedocs.io /en/latest/
Processing.html

' hitps: //astrometry.net/

16 hitps: / /hsc-release.mtk.nao.ac.jp /datasearch/
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Figure 2. Summary of the photometric data for each target environment, including companion galaxies associated with the central DSFGs. Gemini South F2 K;-band
footprints are shown as RGB images: K; (red), i (green), and g (blue). Gaps in the F2 circular FOV arise from masking the on-Instrument wave front sensor probe
shadows during observations. The HSC optical grizy footprint (grayscale) extends beyond the F2 coverage, and HST F110W /F160W footprints are shown as white

rectangles. Companion galaxies are marked with cyan circles, while the central DSFG is highlighted in green for SDP.17b and yellow for HELMS-55.
Example companion galaxies are displayed in 5” x 5” RGB cutouts, with their object ID indicated. Central DSFGs are shown in larger 10” x 10” cutouts. SDP.17a is

circled in magenta in SDP.17b’s cutout.

footprint for both target environments and have a pixel scale of
~0 168 pixel '. The images are already astrometrically
calibrated in the HSC PDR3 pipeline, using GAIA Data
Release 1 (Gaia Collaboration et al. 2016).

HST NIR Wide Field Camera-3 (WFC3) imaging was also
used, however, these images only cover the central portion of the
F2 footprint (~2.05 % 227 rectangle). The images were retrieved
from the Mikulski Archive for Space Telescopes (MAST)'” and
have a native pixel scale of ~0 128 pixel '. The HST images
were calibrated by the Space Telescope Institute (STScl) using
the standard WFC3 calibration pipeline,'® which provided
their respective weight maps. Astrometry corrections are done
by the pipeline by aligning stars from GAIA DR2 and the Two
Micron All Sky Survey (ZMASS) catalog. The HELMS-55
environment only has coverage in the F110W band, and the
SDP.17b environment has coverage in the F110W and F160W
bands, with identical footprints. The SDP.17b and HELMS-55
HST data were originally presented in M. Negrello et al.
(2014) and E. Borsato et al. (2024), respectively. The
footprints of the ancillary data are shown in Figure 2.

3. Methods
3.1. Source Detection and Photometry

Source detection and ]?hotometry were performed using the
software  (E. Bertin & S. Arnouts 1996) in
dual image mode. The main parameters used
are summarized in Appendix A.2, following standard choices
adopted in the literature (e.g., M. Postman et al. 2012;
N. Estrada et al. 2023). The K-band images were used as the

'7 hitps:/ /mast.stsci.edu /search /ui /# /hst
"% hitps: //www.stsci.edu/hst/instrumentation /wfc3 /software-tools /pipeline
19 hitps:/ /www.astromatic.net /software /sextractor /

detection images, while measurements were performed on
images of all available filters as listed in Table 1. The ancillary
images were resampled to match the pixel scale of the K -band
image. To account for the noise variation across pixels, the
uncertainty maps produced by were used for the
K,-band images, while weight maps were retrieved, as
described in Section 2.3, for the other bands used.

Regions in the K-band images were masked out for source
detection and photometry as follows. Both target environ-
ments’ K-band images contain imaging artifacts due to the F2
on-instrument wave front sensor (OIWEFS) probe. These
artifacts were identified in the calibrated images as regions
with saturated pixel values (>10* ADU). Additionally, the
regions outside the F2 circular imaging FOV contained only
low-ADU pixels and were free of astronomical sources. These
regions contained unusable data and were masked. About 30%
of the spatial extent, including regions outside the F2 circular
imaging FOV, of the K;-band images were masked. The usable
area after masking is shown in Table 1 and Figure 2.

The fluxes of sources were measured within circular
apertures measuring 2 5 in diameter. This aperture was chosen
since it maximized the number of detections in both target
environments (the largest aperture before noise-dominated flux
measurements). A detection was defined as having a signal-to-
noise ratio (SNR) >3 in aperture flux. We discard sources
with SNR < 3 in the K;-band, corresponding to eight and five
sources in the SDP.17b and HELMS-55 environments,
respectively. Sources with aperture photometry in the
K, -band biased by neighboring sources were discarded based
on the flags from This resulted in 42 and 32
additional sources being discarded from the SDP.17b and
HELMS-55 target environments, respectively. The total
number of sources detected in each target environment after
discarding sources based on the K,-band SNR and the
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Figure 7. The description is the same as Figure 3, except the sources are SDP.17b’s maximum-likelihood companion galaxies. SDP.17b’s zg.. is shown in red.
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