
HAL Id: hal-02905904
https://hal.science/hal-02905904

Submitted on 12 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Optical and near-infrared observations of the
SPT2349-56 proto-cluster core at z = 4.3

K.M. Rotermund, S.C. Chapman, K.A. Phadke, R. Hill, E. Pass, M. Aravena,
M.L.N. Ashby, A. Babul, M. Béthermin, R. Canning, et al.

To cite this version:
K.M. Rotermund, S.C. Chapman, K.A. Phadke, R. Hill, E. Pass, et al.. Optical and near-infrared ob-
servations of the SPT2349-56 proto-cluster core at z = 4.3. Monthly Notices of the Royal Astronomical
Society, 2021, 502 (2), pp.1797-1815. �10.1093/mnras/stab103�. �hal-02905904�

https://hal.science/hal-02905904
https://hal.archives-ouvertes.fr


MNRAS 502, 1797–1815 (2021) doi:10.1093/mnras/stab103
Advance Access publication 2021 January 15

Optical and near-infrared observations of the SPT2349-56 proto-cluster
core at z = 4.3

K. M. Rotermund,1‹ S. C. Chapman,1,2,3 K. A. Phadke,4 R. Hill,3 E. Pass,5 M. Aravena,6
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ABSTRACT
We present Gemini-S and Spitzer-IRAC optical-through-near-IR observations in the field of the SPT2349-56 proto-cluster at z

= 4.3. We detect optical/IR counterparts for only 9 of the 14 submillimetre galaxies (SMGs) previously identified by ALMA
in the core of SPT2349-56. In addition, we detect four z ∼ 4 Lyman-break galaxies (LBGs) in the 30 arcsec-diameter region
surrounding this proto-cluster core. Three of the four LBGs are new systems, while one appears to be a counterpart of one of
the nine observed SMGs. We identify a candidate brightest cluster galaxy (BCG) with a stellar mass of (3.2+2.3

−1.4) × 1011 M�.
The stellar masses of the eight other SMGs place them on, above, and below the main sequence of star formation at z ≈ 4.5.
The cumulative stellar mass for the SPT2349-56 core is at least (12.2 ± 2.8) × 1011 M�, a sizeable fraction of the stellar mass
in local BCGs, and close to the universal baryon fraction (0.19) relative to the virial mass of the core (1013 M�). As all 14 of
these SMGs are destined to quickly merge, we conclude that the proto-cluster core has already developed a significant stellar
mass at this early stage, comparable to z = 1 BCGs. Importantly, we also find that the SPT2349-56 core structure would be
difficult to uncover in optical surveys, with none of the ALMA sources being easily identifiable or constrained through g, r, and
i colour selection in deep optical surveys and only a modest overdensity of LBGs over the more extended structure. SPT2349-56
therefore represents a truly dust-obscured phase of a massive cluster core under formation.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: star formation – submillimetre: galaxies.

1 IN T RO D U C T I O N

Submillimetre galaxies (SMGs), which are forming stars at prodi-
gious rates, even sometimes exceeding 1, 000 M� yr−1 (e.g. Swin-
bank et al. 2013; Vieira et al. 2013), are prominent during the peak of
galaxy assembly at z > 2 (Chapman et al. 2003, 2005) and likely play
an important role in the history of early massive galaxy formation,

� E-mail: kaja@dal.ca
†NHFP Hubble Fellow.

with a high-z tail still dominant at z � 4–5 (e.g. Weiß et al. 2013;
Reuter et al. 2020). SMGs at z � 2.5 often have stellar masses on the
order of 1011 M� (Hainline et al. 2011; Ma et al. 2015). Many are
found significantly above the ‘main sequence’ (MS) of star-forming
galaxies (in specific star formation rate; e.g. Hainline et al. 2011), but
are also convincingly found on the massive end of the main sequence
(e.g. Michałowski et al. 2012). Their rapid evolution early in cosmic
time stresses the importance of understanding SMGs at high redshift,
with current models still struggling to match their detailed properties
(e.g. Cowley et al. 2017).
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SMGs have recently been directly identified as an important
star formation mode in overdense proto-clusters of galaxies in the
early universe (e.g. Chapman et al. 2009; Casey 2016; Miller et al.
2018; Oteo et al. 2018; Lacaille et al. 2019; Umehata et al. 2019).
SMGs can be sites of intense star formation often long before
the height of galaxy assembly (e.g. Casey, Narayanan & Cooray
2014) when a much larger fraction of star formation was occurring
in overdense, collapsing proto-clusters of galaxies (Chiang et al.
2017). Observing massive SMGs at the highest redshifts is therefore
crucial for understanding the evolution of large-scale structures.
Additionally, galaxy proto-clusters are interesting laboratories in
which the mass budget of galaxies in dense environments can
be studied. Identifying differences between field SMGs and those
growing within overdensities, such as in proto-cluster cores, can help
elucidate aspects of galaxy evolution that lead to the vastly different
properties of galaxies found in clusters and in the field at the present
epoch. SMGs growing in the dense environments of proto-clusters
are expected to have formed earlier, be more massive, and undergo
major-mergers more frequently than their field galaxy counterparts
(Overzier 2016; Rennehan et al. 2020). Furthermore, the enormous
early build-up of mass in galaxy proto-clusters makes them critical
when investigating large-scale structures in the universe and can
potentially help constrain cosmological parameters (e.g. Wen & Han
2011).

Early high-redshift proto-cluster discoveries arose from spec-
troscopic studies of Lyman-break galaxies (LBGs), notably the
spectroscopic confirmation of the z= 3.09 proto-cluster in the SSA22
field by Steidel et al. (1998). This was followed by the detection of the
z = 2.3 proto-cluster in the field of the QSO HS1700+643 (Steidel
et al. 2005), using a modification of the LBG technique for z ≈ 2
galaxies. The Steidel et al. (1998) colour selection technique, which
identifies LBGs within a specific redshift range, has been adopted
and modified successfully by many subsequent studies, and has been
used to search for overdensities over wide fields. Prominent recent
examples are the identification of 179 proto-cluster candidates at z

≈ 3.8 from the Hyper Suprime-Cam Subaru program by Toshikawa
et al. (2018). Strategic searches for overdensities of Ly α emitters or
H α emitters near objects strongly suspected to be the progenitors
of massive galaxies at cluster cores, i.e. high-z radio galaxies and
QSOs, have also proved successful in identifying proto-clusters.
Some notable examples are the discovery of excess Ly α emitters,
H α emitters, and extremely red objects in the field of the radio
galaxy MRC1138-262 at z = 2.16 (Pentericci et al. 2000; Kurk et al.
2004), and the large-scale structure of Ly α emitters at z = 4.86
(Shimasaku et al. 2003), at z = 6.01 (Toshikawa et al. 2012), and at
z = 5.7 & 6.6 (Harikane et al. 2019; Higuchi et al. 2019), all in the
Subaru Deep Field. Some have also been discovered serendipitously
with confirmed spectroscopic redshifts obtained in the VIMOS Ultra-
Deep Survey (Le Fèvre et al. 2015), such as the z = 2.45 (Cucciati
et al. 2018) and z = 4.57 (Lemaux et al. 2018) proto-clusters, both
in the COSMOS field.

More recently, so-called extended Ly α ‘blobs’ and SMGs have
been suggested as good tracers of overdense regions at high redshift
(& references therein Overzier 2016). In Vieira et al. (2010), it
was proposed that a population of bright millimetre-selected sources
identified in wide-field surveys conducted by the South Pole Tele-
scope (SPT) might contain a subset of unlensed, extremely luminous
galaxies or groups of galaxies. This motivated a search for proto-
cluster candidates in the SPT survey.

SPT uncovered a population of dusty, thermal sources selected
at millimetre wavelengths (Vieira et al. 2010; Mocanu et al. 2013;
Everett et al. 2020), which were pre-dominantly identified through

Atacama Large Millimetre/submillimetre Array (ALMA) imaging
and spectroscopy to be gravitationally lensed SMGs at z > 3 (Vieira
et al. 2013). However, detailed lens modelling of the population
revealed several examples that appeared to not have significant
lensing magnification (Spilker et al. 2016) as well as lack bright
foreground lensing galaxies even in deep imaging (Rotermund in
preparation). These unlensed sources are candidate proto-cluster
cores (Chapman in preparation; Wang in preparation), of which the
now well-studied z = 4.3 SPT2349-56 (Miller et al. 2018; Hill et al.
2020) represents the brightest example in this SPT proto-cluster
(SPT-PC) survey. High-redshift proto-cluster candidates have also
been identified in Herschel surveys (Lewis et al. 2018); one z =
4 candidate has been followed up with ALMA and confirmed as a
masssive proto-cluster core by Oteo et al. (2018), with a follow-up
study of the member galaxies presented in Long et al. (2020) and
Ivison et al. (2020).

SPT2349-56 was detected as a thermal dust source, slightly
resolved even by the 1-arcmin SPT beam. At 1.4 mm, one of the
three SPT bands, it has a peak flux density of S1.4 mm = 23.3 mJy
(Miller et al. 2018), comparable to the mean deboosted flux density
of the SPT-SMG sample of 23 mJy (Reuter et al. 2020). Follow-
up observations were initially conducted at 870μm with the Large
APEX BOlometer CAmera (LABOCA; Siringo et al. 2009) on
the Atacama Pathfinder Experiment (APEX) telescope in order to
obtain a more precise location on the sky. At LABOCA’s 19-arcsec
resolution, SPT2349-56 was resolved into two elongated sources, in
contrast to the majority of the SPT sample, which continue to appear
as unresolved sources at this resolution, singling it out as a possible
extended structure of galaxies. The bright southern source was found
to have a flux density of S870 μm ≈ 77 mJy (Miller et al. 2018) and is
clearly the locus of activity and centre-of-mass of the proto-cluster
system (Hill et al. 2020). Surrounding structures include a bright
northern source with S870 μm ≈ 25 mJy and a connecting bridge with
S870 μm ≈ 7 mJy (Miller et al. 2018), as well as an offset satellite
halo located 1.5 Mpc from the core (Hill et al. 2020). The redshifts
of two bright sources within the southern core were first constrained
to lie at 4.300 ± 0.002 through 12CO lines from a blind ALMA 3-
mm spectral scan (Strandet et al. 2016). Deeper follow-up ALMA
observations began in Cycles 3 and 4 and initial results highlighted a
core region of 14 SMGs (Miller et al. 2018). Recently, the extended
structure has been mapped by ALMA in Cycles 5 and 6 (Hill et al.
2020).

This paper presents optical-through-near-IR photometry of
SPT2349-56, with the aim of searching for additional optically
selected cluster members and to study the bright SMGs in the
SPT2349-56 proto-cluster core. Section 2 describes the optical and
near-IR data, while Section 3 presents the analysis and results of our
study. We discuss our results in Section 4 and conclude in Section 5.
A Hubble constant H0 = 70 km s−1 Mpc−1 and density parameters
�� = 0.7 and �m = 0.3 are assumed throughout.

2 O BSERVATI ONS

2.1 Gemini-S imaging

Imaging and spectroscopy of SPT2349-56 were obtained under
programme ID GS-2017B-Q-7 (PI Chapman). Deep Gemini imaging
in the g, r, i and Ks bands were obtained using GMOS (optical;
Hook et al. 2004) and FLAMINGOS-2 (near-IR; Eikenberry et al.
2004) at the Gemini-South Observatory in Cerro-Pachon, Chile. The
observations were performed in service mode under near photometric
conditions on 2016 October 6 and 2016 November 23, with standard
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SPT2349-56 at optical wavelengths 1799

Figure 1. Gemini-S GMOS g, r, and i-band RGB image (≈6 × 6 arcmin2) with LABOCA contours at 2σ , 5σ , and 10σ in purple. The z � 4 LBGs within the
GMOS footprint selected using the Toshikawa et al. (2018) colour criteria [g − r > 1, − 1 < r − i < 1, and 1.5(r − i) < g − r − 0.8] are identified by coloured
squares. They are differentiated by i-band magnitude; >15σ (i � 25; large teal) and 5–15σ (25 � i � 26.2; small blue). The cyan circles are additional LBG
candidates that are selected when the r − i colour criteria is relaxed to an upper limit of 2. The cyan dashed circle is LBG4, which was added upon a visual
inspection of g − r dropout candidates within the core region. The concentric dashed grey circles are at radial distances in increments of 0.35 arcmin from the
centroid of ALMA sources, and are used for the radial analysis in Section 4.1.

observing strategies. Data reduction followed Gemini-IRAF reduction
scripts and standard parameters for the optical data. The total integra-
tion times are 5,520, 5,160, and 5, 640 sec and the seeing FWHM
are 0.58, 0.58, and 0.60 for g, r, and i-band images, respectively.
The g, r, and i-band fluxes were calibrated against DES imaging.
Fig. 1 is an approximately 6 × 6 arcmin2 false colour RGB image of
the GMOS g, r, and i bands – the SPT2349-56 core lies within the
southern lobe of the structure highlighted by LABOCA contours.

For the Ks observations, the data were reduced using the PYTHON-
based FLAMINGOS-2 data pipeline, FATBOY, created by the Astron-

omy Department at the University of Florida. Briefly, a calibration
dark was subtracted from the data set, a flat-field image and a bad
pixel map were created, and the flat-field was divided through the
data. Sky subtraction was performed to remove small-scale structure
with a subsequent low-order correction for the large-scale structure.
Finally, the data were aligned and stacked, resulting in a total
integration time of 3942 s. The mosaiced image was calibrated to
the astrometry and photometry of 2MASS catalogues. The seeing,
as derived from the FWHM size of stars in each frame, ranged from
0.6 to 0.8 arcsec.

MNRAS 502, 1797–1815 (2021)
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Figure 2. Optical and near-IR imaging (30 × 30 arcsec2 cut-outs). Top row: Gemini-S GMOS g, r, and i band (0.47, 0.63, 0.84μm); Bottom row: Gemini-S
FLAMINGOS-2 Ks band (2.16μm), Spitzer IRAC 3.6μm, and Spitzer IRAC 4.5μm. The green contours are drawn at 5σ , 10σ , and 30σ and show the ALMA
358-GHz continuum data. The purple contours are drawn at 3σ and 4σ and show the average ALMA Band 7 channel map covering the [C II] emission in sources
M and N. The z � 4 LBGs identified in this work (‘LBG1–4’) are shown with cyan squares.

SEXTRACTOR (Bertin & Arnouts 1996) was used to extract
catalogues of sources in all bands. The detection threshold and
analysis threshold varied between bands from 1.1 to 2.5σ per pixel,
while the minimum detection area was kept constant at 3 pixels.
A standard Gaussian filter with a 5 × 5 convolution mask of a
Gaussian PSF with a FWHM of 3 pixels was applied to all images.
SEXTRACTOR was used in single-image mode. Any offsets between
sources measured in different bands required cross-matching to
within < 0.3 arcsec in GMOS and < 0.5 arcsec between GMOS and
FLAMINGOS-2/IRAC. We verified visually that this did not result
in any missed sources or erroneous associations. In the g, r, and i
bands, the photometry was extracted within a 1.6 arcsec aperture. Ks-
band photometry was extracted using mauto. The 3σ AB magnitude
depths achieved were g = 28.6, r = 27.7, i = 26.8, and Ks = 24.5.

2.2 IRAC imaging

The SPT2349-56 field was twice observed at 3.6 and 4.5μm with
the Infrared Array Camera (IRAC; Fazio et al. 2004) on board the
Spitzer Space Telescope (Werner et al. 2004). It was first observed
in 2009 August as part of a large programme to obtain follow-up
imaging of a large sample of SPT-selected SMG sources (PID 60194;
PI Vieira). The observing scheme used was to obtain 36 dithered
100-s integrations at 3.6μm and, separately, a much shallower
12 × 30-s integration at 4.5μm. Later, in Cycle 8, the field was
covered serendipitously as part of the Spitzer-SPT Deep Field survey

(PID 80032; PI Stanford, Ashby et al. 2013). This surveyed 92 deg2

uniformly in both IRAC passbands with an integration of 4 × 30 s.
Using established techniques, we combined all exposures covering
the SPT target from PID 60194 and 80032 at 3.6 and 4.5 μm to obtain
the best possible S/N in our final mosaics, which were pixellated to
0.6 arcsec. The maps were shown in Miller et al. (2018) to illustrate
possible identifications of ALMA sources, but the IRAC photometry
was not extracted or tabulated. Here we compile faint (≈ 3σ ) cata-
logues by running SEXTRACTOR on the combined maps. A variety
of SEXTRACTOR parameters (primarily the analysis and detection
threshold) were adjusted to optimize detection of the well-separated
sources. We did not attempt a deconvolution of the crowded field.
Eight of the 14 sources identified by ALMA are detected in the IRAC
bands at > 3σ in at least one of the 3.6 or 4.5μm channels, as shown in
Fig. 2. These are listed with 4 arcsec-aperture magnitudes (corrected
to total flux using point spread function curve of growth) in Table 1.

The brightest SMGs in the core are labelled A through N, as ordered
by their 850μm flux density (Miller et al. 2018). The central region of
the proto-cluster is marked by three (possibly interacting) luminous
ALMA sources (B, C, and G) spanning a 2 arcsec-diameter region.
These three galaxies are highly confused in the IRAC bands, but
are clearly dominated by a bright, possibly extended source whose
centroid lies close to source C. The Ks-band data, with ≈ 0.6 arcsec
seeing, easily resolves this trio, but only significantly detects C as
a KAB = 22.2 isolated source. The Ks-band limit of sources B and
G (Ks > 24.5) allows us to place limits on the IRAC flux that B
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Table 1. Optical and Near-IR Photometry of SPT2349-56 SMGs.

ID g r i Ks 3.6μm 4.5μm
(AB) (AB) (AB) (AB) (AB) (AB)

A 26.40 ± 0.02 25.93 ± 0.02 25.77 ± 0.03 – 21.93 ± 0.02 21.84 ± 0.02
B – – – – – –
C – 27.06 ± 0.05 27.33 ± 0.10 22.21 ± 0.08 20.83 ± 0.01 20.79 ± 0.01
D – – – – – 22.82 ± 0.22
E – 28.13 ± 0.14 26.28 ± 0.04 24.03 ± 0.12 21.73 ± 0.02 21.68 ± 0.01
F – – – – – –
G – – – – – –
H – – – 24.31 ± 0.15 – –
I – – – – – –
J – – – 23.54 ± 0.10 22.23 ± 0.02 22.12 ± 0.02
K – – – – 22.78 ± 0.08 22.67 ± 0.24
L – – – – – –
M – 26.35 ± 0.03 25.54 ± 0.02 23.82 ± 0.11 22.67 ± 0.08 22.10 ± 0.13
N – – – 24.29 ± 0.15 22.68 ± 0.08 –

Note. For sources without entries the 3σ limits are g = 28.6, r = 27.7, i = 26.8, Ks = 24.5, 3.6μm = 22.1, and 4.5μm =
22.1.

and G may contribute. For those ALMA sources detected at both
bands, the colour range is Ks − 3.6 μm = 1.2−2.3. Sources B and
G may therefore be as bright as 22.2–23.3 in IRAC 3.6μm. This
range represents a negligible contribution to the IRAC flux of source
C, and corresponds to about 3 × rms to 1 × rms of the IRAC data in
uncrowded regions of the map. We therefore adopt this same 3 × rms
limit as for the other IRAC-undetected sources (listed in Table 1).

2.3 VLT spectroscopy

We also observed SPT2349-56 with the X-shooter echelon spec-
trograph (Vernet et al. 2011) on the ESO Very Large Telescope
(VLT)-UT2, Kueyen, as part of programme 092.A-0503(A) (PI:
Chapman). X-shooter is capable of near-continuous spectroscopy
from 0.3 to 2.48μm, with a slit width and length of 1.2 and 11 arcsec,
respectively. We observed two positions centred on the optical/near-
IR identifications of ALMA components A and C, dithering the
observations in an ABBA sequence at positions +3 arcsec and
−3 arcsec along the slit axis every 600 s. We first peaked up on a
nearby star in a field within 1 arcmin of the target position, then did
a blind offset.

Observations were taken on the nights of UT 2013 October 16
and November 12, with total integrations of 5400 s for each source.
Seeing conditions were similar throughout these observations with
values around 0.8 arcsec and taken with a low average airmass of 1.2.

We used the ESO pipeline (Modigliani et al. 2010) to reduce our
data. This pipeline applies spatial and spectral rectification to the
spectra using the two-dimensional arc spectra. The data were flat-
fielded and cosmic rays were identified and masked. The two dither
positions were subtracted to remove the sky to first order, and the
different echelle orders were combined together into a continuous
spectrum. Flux calibration was achieved through observations of
standard stars LTT3218, GD-71, and Feige 110.

2.4 ALMA observations

Deep ALMA observations covering SPT2349-56 were presented in
Miller et al. (2018) and Hill et al. (2020). In this work, we make use of
the Band 7 maps covering the redshifted [C II]158μm fine structure line
(νobs = 358.4 GHz at the median cluster redshift). Data reductions
and processing are described in these works. The maps reach an

average depth of 0.1 mJy RMS at this frequency, corresponding to a
3σ limit on the star formation rate (SFR < 10 M� yr−1).

3 R ESULTS

3.1 Rest-frame ultraviolet properties of the SPT2349-56 core

We first measure the g, r, and i-band properties of SPT2349-56
galaxies, which are at rest-frame ultraviolet wavelengths at z = 4.3.
Four ALMA sources (A, C, E, and M) appear to have significant
counterparts in the Gemini-S optical imaging (see Fig. 2 and Table 1).
However, one of the identifications is offset from its respective
ALMA source: A (0.4 arcsec). This was assessed by aligning the
optical images to the Ks and IRAC astrometric frames using many
bright stars in the field. The Ks and IRAC images were aligned
to the 2MASS astrometric frame, which was verified to provide a
good match to the ALMA frame – several near-IR identifications
of ALMA sources are all well centred (specifically, C, E, K, and
M all show agreement within 0.2 arcsec with the ALMA centroids).
Three of the ALMA sources detected in the optical drop out in the g
band, consistent with z = 4.3 galaxies. The optical identification for
source A, however, is bright in the g band; while the ALMA source
A is confirmed to be at z = 4.3, the optical source was identified
spectroscopically to be a foreground z = 2.54 galaxy, as described
in Section 3.1.1.

We also use the optical imaging to search for LBGs using the
g-band dropout technique of Toshikawa et al. (2018), specifically
g − r > 1, − 1 < r − i < 1, and 1.5(r − i) < g − r − 0.8.
These colour criteria are sensitive to galaxies in the z = 3.3–4.2
range. We require a >5σ and >3σ detection in the i and r bands,
respectively. LBG candidates are identified with coloured squares in
Fig. 1. LBG surveys set a tight r − i colour selection window to
reduce the number of low-z interlopers. This compromise ensures
a pure sample of similar-redshift LBGs but is at the expense of
excluding some bonafide high-z member galaxies (e.g. Steidel et al.
1999). We noticed several potential LBGs we identified visually as
clear g -band dropouts were selected by relaxing the upper limit of
the r − i colour to 2. This strongly suggests we have highly reddened
LBGs in this dense environment, a finding that is consistent with the
overdensity of bright SMGs, which implies additional fainter, dust-
obscured galaxies may be present as well. We have therefore also
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Table 2. Properties of SPT2349-56 LBGs.

ID RA Dec. r i SFR
(AB) (AB) (M� yr−1)

1a 23:49:43.406 −56:38:20.93 26.35 25.54 24 ± 4
2b 23:49:43.340 −56:38:29.90 26.83 25.86 18 ± 6
3 23:49:42.703 −56:38:28.97 26.77 25.76 20 ± 6
4c 23:49:42.198 −56:38:10.28 27.07 28.11 4.5 ± 1

Notes. Photometry errors range from 0.02 for the brightest detections to 0.2 for
the faintest, as listed in Appendix B. None of these four LBGs are significantly
detected in the g band. SFRs for LBG1–3 are calculated as 1.4 × 10−28 Lν (1,
500 Å) M� yr−1, with extinction estimated from r − i colour. The SFR for
LBG4 is estimated from its Ly α emission.
a This LBG is well aligned with ALMA source M and we treat it as such
above. We duplicate its properties here for completeness.
b This LBG lies 0.8 arcsec offset from ALMA source J. We treat this LBG as
a distinct galaxy since the Ks and IRAC fluxes are well aligned with source J.
c LBG4 is identified as the brightest z = 4.30 Ly α emitter in Apostolovski
(in preparation).

applied a selection with a relaxed upper limit of the r − i colour to 2.
However, we note that we are incomplete (potentially missing some
sources) for iAB > 25.7 when doing so. These LBG candidates are
identified with cyan circles in Fig. 1. The colour-selection windows
are illustrated in Appendix B. While we focus on the core ALMA
region here, we also present the LBG population in the wider field
in Appendix B and discuss the results in Section 4.1. Additionally,
we searched the core region for sources with large g − r colour
(irrespective of the i-band magnitude) and found a further candidate
with a strong g − r dropout that our search did not identify as its
i-band magnitude falls below the 5σ detection threshold, with a very
blue r − i <−1. This source has a spectroscopic confirmation from its
strong Ly α emission in Apostolovski (in preparation), likely driving
the blue r − i colour. ALMA sources C and E are also undetected in
the g band; however, their r − i colours are either too faint or too red
to satisfy the LBG criteria above. This results in four LBGs identified
within this core structure (labelled LBG1–4), two of which lie near
ALMA sources J and M.

While LBG1 lies 0.2 arcsec from the ALMA centroid of source
M and is likely the same galaxy, LBG2 and the ALMA centroid for
source J are offset by about 0.8 arcsec (see Fig. 2) and we therefore
treat LBG2 as a separate galaxy in this work. Deep spectroscopic
follow-up could ascertain whether or not this second LBG is close in
velocity to ALMA source J. The third and fourth LBGs in the core
region lie 5 arcsec south and 15 arcsec north (respectively) of the
bright central source C. There is no (sub-)mm continuum detected at
these positions in the deep ALMA maps reaching S850μm < 0.3 mJy,
3σ (Hill et al. 2020). For LBG3 there is a candidate 6.8σ [C II]158μm

line detection at 359.4 GHz (z = 4.288), a significance that places
it just below the cut-off adopted in the catalogue of Hill et al.
(2020). It has a line flux of 0.46 ± 0.07 Jy km s−1 and a FWHM of
204 ± 35 km s−1. The rest-UV SFR estimate (calculated as described
in Table 2) is 20 M� yr−1, which agrees reasonably well with the
[C II] line strength for typical z ∼ 4 galaxies (Schaerer et al. 2020).
The [C II] emission is shown in Fig. 3. In contrast, LBG4 shows no
evidence of a [C II] line. However, it is identified as the brightest Ly α

emitter in the MUSE survey of Apostolovski (in preparation) and is
clearly a member of the proto-cluster, with a Ly α redshift of 4.308.
Neither of these LBGs are detected at Ks or IRAC wavelengths.
As demonstrated, relaxing the colour criteria to include fainter and
redder LBGs within the proto-cluster core did not contaminate the
sample with line-of-sight, low-z sources.

Figure 3. ALMA spectrum of LBG3 highlighting a 6.8σ detection of [C II]
at a redshift z = 4.288. This source was not previously catalogued in the work
of Hill et al. (2020). Left: Continuum image with [C II] contours overlaid at
2σ , 3σ , and 4σ . Right: The 1D spectrum, with zero indicating no velocity
relative to the mean redshift of the proto-cluster core at z = 4.303.

Figure 4. The VLT/X-shooter spectrum of source A. The spectrum does
not show any z = 4.3 features at any wavelength. However, it does reveal a
foreground z = 2.54 star-forming galaxy that likely dominates the g, r, and
i-band photometry. The top panel shows a cut-out from the near-IR arm of
X-shooter with the z = 2.54 O III lines detected. The bottom panel shows the
corresponding UV-arm spectrum, detecting Ly α at the same z = 2.54. The
faint r = 25.9 source has a linewidth of 53 km s−1 and is unlikely to be very
massive – it does not provide any significant gravitational lensing boost to
source A (which we estimate as μ < 1.2).

3.1.1 Foreground source of SMG A

Source A stands out in the rest-UV images (g, r, and i bands), as
it is brighter than any other SPT2349-56 source and it is the only
one detected in the g band. An X-shooter spectrum of source A
(see Fig. 4) does not show any emission features expected from a z

= 4.3 galaxy, but does reveal a foreground z = 2.54, star-forming
galaxy that likely dominates the g-band photometry and contributes
to the r and i-band fluxes. The optical band centroids are significantly
offset by 0.4 arcsec from the ALMA and IRAC emission centroids.
The foreground source is unlikely to be very massive given the blue
colours, an r-band magnitude of ≈26, and an O III 5,007 Å line FWHM
of 53 km s−1. The linewidth suggests an upper limit to a dynamical
mass enclosed within a 2 kpc-radius of Mdyn = 1.56 × R1/2 σ 2 <
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1.6 × 109 M� (see Erb et al. 2006). For z � 2.5 LBGs of this
luminosity, typical stellar masses of <109 M� are in agreement with
our dynamical estimate (Shapley et al. 2005). It is difficult to directly
ascertain the stellar mass of this galaxy, but it is clearly undetected
in the Ks band down to 24.5 mag. Due to the offset relative to the
IRAC source, we ascribe the faint IRAC flux to the z = 4.3 ALMA
source A and not to the foreground UV-luminous galaxy.

This configuration does not provide a significant gravitational
lensing boost to source A, even assuming a lensing mass reflective
of the high end of our dynamical mass estimate. Using a simple lens
model (Spilker et al. 2016) we set the Einstein lensing mass to 2.5 ×
M∗ with M∗ = 1.6 × 109 M� (a generous assumption) and adjust the
background source offset until the apparent image is 0.5 arcsec from
the lens position to match our configuration. We find a magnification
factor of μ = 1.15 for a circular lens, or ranging from 1.09 to 1.24
for a highly elliptical lens (e = 0.6), depending on the position angle.

3.2 Rest-frame optical properties of the SPT2349-56 core

We consider next the observed Ks, IRAC 3.6μm, and IRAC 4.5μm
properties of the SPT2349-56 sources with an aim of constraining
stellar mass. As noted in Section 2, we detect eight sources in one or
both IRAC bands (namely A, C, D, E, J, K, M, and N). Five of these
are detected in Ks (C, E, J, M, and N), three of which are also detected
in i and r (C, E, and M). In addition, source H is detected in just the Ks

band. Such generally incomplete or low SNR photometry limits the
constraints possible from spectral energy distribution (SED) fitting
(the exceptional source C is discussed separately below).

We estimate the stellar masses by modelling the multiwavelength
SEDs using the software Code Investigating GALaxy Emission
(CIGALE; Noll et al. 2009; Serra et al. 2011; Boquien et al. 2019).
CIGALE adopts an energy balance principle between the UV-optical
and far-IR-mm regimes – the energy absorbed by dust in the
UV-optical is proportional to the thermal radiation emitted by dust
in the far-IR.

We first consider the six sources detected in both IRAC bands,
which also generally have supporting detections in other bands.
To model the sources we have assumed a delayed star-formation
history with a single exponential decrease. The e-folding time
(τ ) and age of the stellar population are kept as free parameters
while a solar metallicity and a Chabrier initial mass function (IMF;
Chabrier 2003) are assumed. It has been found in the literature
(Michałowski et al. 2012) that stellar mass estimates using a single-
exponential decay SFH can be a factor of about two different
than double-exponential or a bursty-type SFH. Typically the sin-
gle exponential decay SFH provides the lowest stellar mass, our
estimates are therefore relatively conservative. Nebular emission is
included in the fitting using templates from Inoue (2011). The dust
attenuation is modelled using a Calzetti et al. (2000) attenuation
curve with a power law slope of zero. The stellar mass estimates
are consistent within the errors even when the slope is allowed
to vary.

AGN contribution can affect the stellar mass estimate depending
on the AGN type and the available photometry. A detailed study
of the effects of AGN contribution on estimates of various physical
properties including stellar mass when using CIGALE was carried out
by Ciesla et al. (2015). To summarize, depending on the type of
AGN present, the stellar mass can be under- or overestimated on
average by 20 per cent when using similar bands as the ones we have
available (refer to fig. 11 of Ciesla et al. 2015). Type-I AGN can
contribute heavily in the rest-frame UV-optical as well as mid-IR.

However, the extinction values for the SMGs in SPT2349-56 rule out
large contribution to the luminosity by a type-I AGN.

We do not have sensitive photometry in the mid-IR to constrain
contribution from a type-II AGN, which would primarily contribute
to the rest-frame mid-IR (refer to fig. 4 of Ciesla et al. 2015). For
source C, which does have good coverage in rest-frame optical,
near-IR, and far-IR, we estimated the stellar mass by fixing the AGN
contribution to a type-II template, ranging from 0.0 to 0.9. As is the
case for source C, the remaining sources show no evidence for a type-
I AGN. Additionally, the dust peak in the far-IR for the remaining
sources is also unconstrained with our (sub)-mm photometry, and
the SED fitting was primarily conducted across the optical/near-IR
region. In this case, zero contribution was assumed from an AGN
component.

Importantly, CIGALE can take upper limits as inputs in multiple
bands and incorporate them in the reduced χ2 calculation (Boquien
et al. 2019). For non-detections we set the limits to our 3σ magnitude
depths. Even though they are non-detections, they contribute to the
reduced χ2 value, the shape of the SED, as well as inferred physical
parameters. For optical peaks that fall just below the 3σ limit, we
continue to use the extracted photometry, treating it as a detection
in the SED fitting, as it places more stringent requirements on the
fitting. Apart from source C, we note that the sources are slightly
overfitted due to their low number of detections, which is indicated
by their reduced χ2 values of less than 1 (see Appendix A). Given
the currently available data, however, we deemed this the most
sensible solution. (In the modelling of source A, the g-, r-, and i-
band photometry attributed to the foreground galaxy are treated as
upper limits.)

The stellar masses for the sources are estimated using the ‘pdf
analysis’ module in CIGALE. Mock catalogues are generated and
analysed to check the reliability of these estimates within the
parameter space explored. Each discrete model corresponds to a
reduced χ2 value (Boquien et al. 2019). The array of reduced χ2

values for each model is then used to create a probability distribution
for the stellar mass. This distribution is generally not a Gaussian
and a value marginalized over the distribution is calculated. The
standard deviation of this probability distribution is quoted as the
error on the stellar mass. We note that the stellar mass estimated
from the probability distribution does not necessarily correspond to
the best-fitting model. The best-fitting SED only corresponds to the
model with the smallest reduced χ2 value, i.e. only the peak of the
distribution. Based on the best-fitting model for a source, CIGALE

generates a mock catalogue by modifying each quantity in the best-
fitting model. This modification is done by adding a value taken
from a Gaussian distribution with the same standard deviation as the
original quantity. The catalogue is then fit using the same parameter
space as the original and physical parameters are estimated again.
If the mock results and original results show consistent stellar mass
estimates, we consider the results reliable within the parameter space.

We find the stellar mass values reported here to be consistent
with mock catalogue results and are thus reliable within errors
quoted. Furthermore, the probability distributions for all sources do
not show any significant bi-modality confirming the mock results.
Additionally, we found stellar mass estimates to be broadly consistent
between fitting with and without ALMA data (adopted from Miller
et al. 2018), where deviations between the two are less than one-
tenth of the error of the estimates on a log scale. As discussed by
(Ciesla et al. 2015), fitting using only optical/near-IR photometry can
give rise to systematic uncertainties in estimations of various physical
properties – up to about 20 per cent for stellar mass estimates. Results
are shown in Appendix A.

MNRAS 502, 1797–1815 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/502/2/1797/6101223 by guest on 12 August 2022



1804 K. M. Rotermund et al.

Table 3. Properties of SPT2349-56 SMGs.

ID AV Age τSFH
b log (M∗/M�) fgas

c

(mag) (Gyrs) (Gyrs)

A 2.3 ± 1.1 1.0 ± 0.4 1.6 ± 2.3 11.35 ± 0.30 0.35
B – – – <10.76 >0.66
C 1.3 ± 0.1 1.2 ± 0.3 1.6 ± 1.9 11.51 ± 0.24 0.17
Da – – – 10.89 ± 0.29 0.52
E 2.2 ± 0.7 0.8 ± 0.5 2.5 ± 2.5 11.15 ± 0.28 0.25
F – – – <10.76 >0.37
G – – – <10.76 >0.34
Ha – – – 10.89 ± 0.35 0.36
I – – – <10.76 >0.28
J 0.9 ± 0.7 1.1 ± 0.4 1.0 ± 1.9 11.04 ± 0.19 0.17
K 1.6 ± 1.1 1.0 ± 0.4 1.5 ± 2.2 10.88 ± 0.27 0.29
L – – – <10.76 >0.37
M 1.0 ± 0.5 0.9 ± 0.4 2.4 ± 2.5 10.57 ± 0.23 0.24
Na – – – 11.17 ± 0.24 0.06

Notes. The first four columns are best-fitting parameters from CIGALE.
a CIGALE fits are performed on these sources with the age of the main
population fixed, as photometry is faint and sparse in wavelength coverage.
b Exponentially declining star formation histories, SFH ∝ e−t/τ .
c Gas fraction, fgas = Mgas/(Mgas + M∗); gas masses were determined from
the 12CO line luminosities ([C II] when 12CO was not available) from Miller
et al. (2018) using the standard conversion of Bothwell et al. (2013) with αCO

= 0.8 and a 1.36 × correction factor to include helium.

We next estimate the stellar masses for those sources with more
limited photometry: D, H, and N. Here, we constrain the SED fits,
allowing the age of the stellar population to lie between 0.7 and 1.25
Gyr, consistent with that of the brighter sources in the proto-cluster.
We make the assumption that all galaxies in the core have a similar
age due to the dense environment. While we have no clear way of
confirming this, we also do not have any evidence to the contrary and
deem a consistent age to be the most appropriate assumption given
they live in the same halo now. For sources H and N the results of the
mock catalogue analysis are consistent within error of the best fit.
However, mock catalogue analysis for source D showed the stellar
mass estimate to not be as certain as for the others (as can be expected
for fitting with a single-band detection) – the limits at our other
wavelengths did not provide strong enough constraints. Best-fitting
CIGALE results for these three sources are also shown in Appendix A.

The remaining five sources are undetected in all observed bands,
and may actually have very low stellar masses. However, their large
12CO luminosities (Miller et al. 2018) suggest sizable gas masses,
often comparable to the other sources, and correlating reasonably
with their SFRs. Their large 12CO line widths (Miller et al. 2018) also
suggest sizable dynamical masses. Very high gas fraction galaxies
are possible, since at such an early epoch it is reasonable that this
star formation episode represents the first major stellar growth phase
in these galaxies, stimulated by the dense environment (Rennehan
et al. 2020). However, we do not discount the possibility that some of
these five SMGs have extreme dust extinction levels, as seen in some
field SMGs (e.g. Simpson et al. 2015) and that their stellar masses
are sizeable, implying similar gas fractions to the other SMGs.

For the nine sources constrained by SED fits, we determine the
stellar mass to lie in the range (0.4 − 3.2) × 1011 M�, with a median
M∗ of (1.1 ± 0.8) × 1011 M�, where the error is the standard
deviation. Stellar mass estimates are presented in Table 3. Source
C is discussed in detail below. The cumulative stellar mass for the
SPT2349-56 core is (12.2 ± 2.8) × 1011 M�, which is a lower limit
as we have only included nine of the 14 sources.

For the remaining five sources, which lack any optical/near-IR
detections, we estimate an upper limit on M∗ as below. The majority
of the stellar mass in a galaxy manifests itself as a rest-frame near-IR
bump in the SED whose emission peaks at approximately 1.6μm.
For SPT2349-56 at z = 4.3, this peak in stellar light is redshifted
to 8.5μm. Our closest observed photometry comes from IRAC’s
4.5-μm band. We use the average mass-to-light ratio for the nine
detected sources, 〈M∗/L4.5 μm〉 = 1.09 M�/L�, to constrain the
stellar mass in those five sources not robustly detected, shown as
upper limits in Table 3.

We also list the gas fractions (calculated as described in the notes of
Table 3), showing an average fgas = 0.3 for the nine near-IR detected
sources, and a limit of fgas > 0.3 for the 5 undetected. Thus, the
estimates of the M∗ limits above are in reasonable agreement with the
M∗ values one would infer from their Mgas, even if extreme extinction
is responsible for their non-detections. (See also the discussion in
Section 4.3 and Fig. 9 regarding the relative masses of each source.)

3.2.1 A large stellar mass for source C

As noted, source C stands out with an exceptionally large rest-optical
luminosity for z = 4.3, especially compared to all other ALMA
sources in the proto-cluster core (≈2.5 times brighter than the next
most luminous sources, E and A). It lies near the centre-of-mass of
the structure, and is embedded in a dense region of ALMA sources,
possibly the core of a forming brightest cluster galaxy (BCG). The
X-shooter spectrum of the source detects a very faint continuum
through the H and Ks bands, but does not detect any emission lines.
Specifically, at the wavelengths of the redshifted [O II] 3,727 Å and
[Mg II] 2,800 Å lines, there is no obvious excess. However, the observed
wavelengths do lie within relatively noisy sky-line regions. The line
flux limit in these regions is similar, at ≤1 × 10−16 erg s−1 cm−2.
Since the continuum is so poorly detected, there are no useful
constraints on the line equivalent widths.

The stellar size of C is constrained at high SNR in Ks band, with an
unresolved Gaussian FWHM fit of (0.59 × 0.53) arcsec2, implying
a <2 kpc half-light radial size. For a massive galaxy at early epochs
this is not particularly unusual (Damjanov et al. 2011), however, as an
early BCG galaxy this is tiny. By z ≈ 1, half-light radii for BCGs in
massive clusters range from 14 to 53 kpc, with an average determined
from stacking of 32.1 ± 2.5 kpc for z ≈ 1 (Stott et al. 2011). (We
discuss SPT2349-56 relative to z = 1 clusters below.) This is only
30 per cent smaller than the size in low-redshift comparison samples
with 43.2 ± 1.0 kpc. Thus the SPT2349-56 progenitor BCG must
grow in size dramatically over the subsequent ≈2 Gyrs, for example
through dry mergers (Cooke et al. 2019).

In addition to the stellar mass fitting for source C, we attempted
full SED fitting of UV-through-mm wavelengths. Dust emission is
modelled using the updated empirical templates from Draine et al.
(2014) (originally from Draine & Li 2007). Limits from Herschel-
SPIRE are adopted at 250−500 μm (Miller et al. 2018), effectively
restricting the range of templates possible. The best fit has the
following parameters: a stellar mass of (3.2+2.3

−1.4) × 1011 M�; a SFH
age of the main population of (1.1 ± 0.26) Gyrs; and an AGN fraction
of 0.0 with an upper limit of 0.4. The best-fitting SED is shown in
Fig. 5.

We attempted to constrain the AGN contribution using templates
from Fritz, Franceschini & Hatziminaoglou (2006). However, the
only mid-IR constraint is from WISE at 22 μm, with supplemental
SPIRE limits, which were not sufficiently deep to quantify the
fractional AGN contribution. During the fitting, we allowed the AGN
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Figure 5. CIGALE fit to source C, the brightest at rest-optical wavelengths
and the only ALMA source with high significance detection in the Ks band.
The best fit includes a negligible AGN fraction, with an excess in 3.6 μm
potentially driven by strong Hα emission. Higher AGN fraction fits are shown
to demonstrate that the available mid-IR data cannot constrain the AGN
contribution in this source.

fraction to vary from 0.0 to 0.9 in increments of 0.1 and let the AGN
be either type-1 or type-2. A fractional contribution of close to 0.0
is preferred based on the probability distribution function and the
reduced χ2, but as evident from Fig. 5, higher AGN fractions are
also possible and more data are required to further constrain this.

In contrast, source C does have some properties suggestive of
an AGN at other wavelengths. It has a much narrower [C II] line
profile than all other similarly bright sources in the proto-cluster,
and accordingly one of the lowest [C II]/LFIR ratios found in the
structure (Miller et al. 2018; Hill et al. 2020), typical of an AGN
(Stacey et al. 2010). It has a large CO(16–15) luminosity with a CO
excitation more consistent with AGN-dominated galaxies (Canning
in preparation). However, our SED fitting appears consistent with a
large stellar mass, and does not obviously require an AGN component
from a hot dust torus (e.g. Hainline et al. 2011). Further, the 3.6-μm
excess is well modelled with a strong H α line component, which
JWST observations will be able to confirm.

4 D ISCUSSION

4.1 Implications for optical proto-cluster identification

We have demonstrated that the SPT2349-56 proto-cluster core is
difficult to study in either its rest-UV or rest-optical properties, due
to the extreme faintness of most of its members. A parallel study with
the VLT/MUSE integral field spectrograph has also demonstrated
that these ALMA sources are not detected in Lyα, although there
appears to be an overdensity of Lyα emitters in the surrounding
≈1 arcmin field (Apostolovski in preparation).

It is of interest to determine whether this proto-cluster would be
detected in a large optical survey using the same g-band dropout
selection criteria we used to identify LBGs within the SPT2349-56
core. Our result in SPT2349-56 can be compared to the recent search
for proto-clusters across a 121 deg2 optical survey using Subaru’s Hy-
per Suprime-Cam (Toshikawa et al. 2018), which reached somewhat
shallower depths in the g, r and i bands compared to our Gemini-S

Figure 6. Number density of z � 4 LBGs with i � 26.2 (>5σ detections)
within a 2.1 arcmin radius of the ALMA centroid, determined for radii of
0.35 arcmin increments. Each annulus has an inner radius 0.35 arcmin smaller
than the outer radius. The number density for z � 4 LBGs with the Toshikawa
et al. (2018) colour criteria are shown as blue squares, while the cyan circles
(offset for ease of viewing) show the number density when the upper limit of
the r − i colour is relaxed to 2. The cyan circle at 0.25 arcmin radius shows
the number density of the 4 LBGs within the central 30 arcsec-diameter
core of SPT2349-56 discussed in the text. The range in field number density
extrapolated from Toshikawa et al. (2018) and Steidel et al. (1999) is identified
by the grey region.

data. Toshikawa et al. (2018) selected galaxies around z ≈ 4 using the
g-band dropout technique that we have adopted here, and searched
for proto-cluster candidates by computing the number of these LBGs
within 1.8 arcmin-radius apertures (about 0.75 proper Mpc). They
found that the mean number of LBGs to iAB < 25 within such an aper-
ture is 6.4, with a standard deviation of 3.2. By adopting a 4σ over-
density threshold, a large number of proto-cluster candidates were
found. Adopting the same metric to Toshikawa et al. (2018), we find
16 LBGs to iAB < 25 in a 1.8 arcmin-radius aperture for SPT2349-
56, which would be a marginal 3σ overdensity detection and would
therefore not meet the threshold set by Toshikawa et al. (2018).

By going to deeper limits, we can improve the statistics. Extrap-
olating the mean LBG density around z = 4 of Toshikawa et al.
(2018) (using the luminosity function of Steidel et al. 1999) to iAB �
26.2 (corresponding to >5σ detections in our i-band image) results
in a field density of about 2.5 arcmin−2. Steidel et al. (1999) find a
number density of just 1.2 arcmin−2 in their survey area of 0.23 deg2

(with slightly different filters). Given the significantly larger area of
Toshikawa et al. (2018) we estimate the following overdensities in
comparison to Toshikawa et al. (2018). We have found four LBGs
within a 30 arcsec-diameter region surrounding the centre-of-mass
of SPT2349-56 and encircling the brightest 14 ALMA sources in
its core. This corresponds to an overdensity of about 8 times the
background (at most 17 times), with a large sensitivity to the enclosed
region chosen (taking the smallest possible circle that encloses the
four LBGs results in a overdensity of 15 times the background,
at most 32 times). The fact that even one LBG at this depth is
only expected ≈10 per cent of the time within a circular area of
about 0.2 arcmin2 reinforces the likelihood that all four of these
LBGs lie in the SPT2349-56 structure. The LBG density appears to
fall off to around 3–4 arcmin−2 outside this core region, remaining
constant within uncertainties out to � 2 arcmin radial distances
(see Fig. 6). Thus, while the SPT2349-56 core contains a large
overdensity of LBGs, only a modest overdensity of 2–3 times the
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background remains outside the central 30 arcsec-diameter region.
In the outer region, the number densities are also consistent within
errors when considering the LBGs selected using either the r − i
< 1 or r − i < 2 colour windows. However, a more significant
difference (a factor of 2×) in the overdensity is observed in the
core region when considering these relaxed LBG selections (see
Section 3.1). Thus, we find evidence that fainter and redder LBGs
are significantly overdense in the core, suggesting a higher dust
obscuration in galaxies near the centre-of-mass of the proto-cluster.

As noted in Steidel et al. (1999), the locus of unevolved early-type
galaxies at z = 0.5 − 1 comes very close to the selection window for
z ≈ 4 galaxies, and a combination of photometric errors and intrinsic
variations in galaxy SEDs may scatter early-type galaxies at these low
redshifts into our LBG selection window. Interlopers are identified
by Steidel et al. (1999) as those objects in the selection window
with typically redder R − I colours. A red R − I ≤ 1.2 criterion is
expected to result in a 34 per cent contamination rate as opposed to
20 per cent for the more stringent R − I ≤ 0.6 selection window.
While the Steidel et al. (1999) filter bands differ from our own, the
contamination rate is likely similarly affected. In the core region of
SPT2349-56, the relaxed colour criteria have undeniably added true
z ≈ 4 galaxies, despite the possibility of increased interlopers. In the
outer region the number of additional LBG candidates found with
redder colours is statistically insignificant, with only two identified
within a 2 arcmin radius.

Our conclusions about the detectability of SPT2349-56 in optical
surveys would apply equally to surveys from the Rubin Observatory,
which will reach similar depths as Subaru’s Hyper Suprime-Cam over
large areas (Robertson et al. 2019). While such large-area optical
photometric surveys will identify larger numbers of proto-cluster
candidates, they do not improve the sensitivity to structures like
SPT2349-56. This in itself is not surprising, given the broad redshift
range z = 3.3 − 4.2 of the g-band dropout selection, which makes it
a relatively blunt tool to identify overdensities without spectroscopic
follow-up (e.g. Steidel et al. 1996) – even relatively strong spikes in
redshift distributions characteristic of large overdensities (e.g. Steidel
et al. 2000) do not manifest themselves as strong overdensities in the
photometric LBG selection. In fact, the large overdensity of LBGs at
z = 3.09 in the SSA22 field (Steidel et al. 1998) and at z = 2.3 near
QSO HS1700+643 (Steidel et al. 2005) only appear as significant
overdensities through spectroscopic redshift analysis. In simulations
of proto-clusters at z = 3, Chiang, Overzier & Gebhardt (2013)
also noted that for photometric colour-selection surveys, where the
redshift uncertainty is sufficiently large (
z � 0.1), the galaxy over-
density is essentially indistinguishable from the field density, except
for the most overdense systems. Optical surveys therefore result in
only a partial sample of proto-clusters. The fact that SPT2349-56
does not meet the Toshikawa et al. (2018) 4σ overdensity threshold,
does not preclude it from being a true proto-cluster. This highlights
that a search for proto-cluster candidates is incomplete if surveys
of only spatial overdensities of photometrically selected LBGs
are considered. Due to the challenges associated with determining
spectroscopic redshifts at high-z, detecting overdensities of spectro-
scopically confirmed LBGs only becomes more difficult at z = 4.3.

On the other hand, simple arguments demonstrate that in large
optical surveys for z � 4 dropout-galaxies (e.g. Toshikawa et al.
2018), the four central LBGs in SPT2349-56 are not unusual. In the
absence of clustering, even a 1 deg2 survey has a > 50 per cent chance
to find four z � 4 LBGs to our depth in a 30 arcsec-diameter circle
(0.2 arcmin2). Thus we conclude that optical surveys are typically
quite blind to structures like SPT2349-56. Nevertheless, SPT2349-
56 clearly represents an early phase of one of the most massive

structures in the universe, a truly dust obscured phase of a massive
cluster core under formation.

In their analysis of cosmological simulations, Muldrew, Hatch &
Cooke (2015) find proto-clusters to be very extended objects – with
90 per cent of their total mass spanning an approximately 60 arcmin-
diameter region by z = 2, the angular size remaining largely constant
from z = 1 − 5. Additionally, 90 per cent of the stellar mass resides in
an area with a diameter ranging from 14–24 arcmin, depending on the
halo mass of the proto-cluster. They suggest that the vast majority of
proto-cluster surveys, whose fields of view are typically significantly
smaller, therefore miss a large percentage of the proto-cluster mass.
Specifically, they hypothesize that only the densest proto-cluster
cores are being observed. Furthermore, Muldrew et al. (2015) find
that proto-clusters are generally comprised of multiple haloes, only
a small fraction of the stellar mass (about 20 per cent) residing in
the most massive halo (or the proto-cluster core) observed by most
studies. SPT2349-56, whose incredibly active core is encompassed
in a mere 0.5 arcmin-diameter region, is therefore significantly more
compact than the ‘typical’ simulated proto-cluster core.

While optically identifiable sources are found in the proto-cluster,
distinct from the ALMA-identified sources, our analysis reinforces
the notion that this incredibly massive and active structure is most
easily identifiable in mm-wave surveys like that of SPT. AGN are
important in the evolution of clusters and BCGs, providing feedback
and regulation to the star formation evolution. However, no bright
quasars/AGN candidates are found in the region from optical colour
selection. Moreover, our imaging of these 14 SMGs do not reveal
any obvious signs of AGN contribution, even in the bright SMG C.
Finally, the foreground galaxy at z = 2.54 along the line-of-sight
to ALMA source A illustrates the importance of multi-wavelength
analysis and spectroscopic follow-up in such deep observations of
crowded structures.

4.2 Main sequence of star formation

Having estimated the stellar masses, we can assess the relation
between the SFR and stellar mass for the SPT2349-56 SMGs,
adopting SFRs based on ALMA photometry from Hill et al. (2020),
and compare them to the coeval field population. For a given redshift,
the majority of star-forming field galaxies are observed to exhibit a
correlation between these two properties (e.g. Noeske et al. 2007;
Speagle et al. 2014; Santini et al. 2017). Santini et al. (2017) suggest
that the tightness of the correlation, defined as the main sequence
(MS), is due to similarities in the gas accretion histories. For galaxies
along the MS it is expected that the dominant mechanism for growth
is a smooth accretion of gas from the intra-galactic medium over long
timescales. Bright SMGs have been proposed to lie significantly
above these correlations (e.g. Hainline et al. 2011; Michałowski
et al. 2012), possibly due to major mergers triggering intense SFRs
(e.g. Engel et al. 2010). The empirically defined MS is typically
parametrized as a power law,

log (SFR/M� yr−1) = α log (M∗/M�) + γ, (1)

where α is the slope of the log SFR − log M∗ relation, and γ is
the MS normalization. While the normalization is clearly observed
to increase with redshift, the slope is still debated. Generally, it is
believed that the slope is predominantly unevolving, and approxi-
mately linear in power-law near unity. For the 4 ≤ z < 5 range,
Santini et al. (2017) find α = 0.94 ± 0.06 and γ = 1.37 ± 0.05.
Speagle et al. (2014), through a literature review in which 25 studies
were considered, determined a MS best fit with α = 0.80 ± 0.02 and
γ = 6.4 ± 0.2 when the age of the universe is set to 1.35 Gyrs ( z
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Figure 7. Assessing the SPT2349-56 sources relative to the main sequence (MS) of star-forming galaxies. SPT2349-56 SMGs are shown with M∗ values
derived from CIGALE best fits (blue diamonds – open symbols have additional constraints on the fits as described in text). Constraints on M∗ for those lacking
optical/nearIR detections (blue double-sided limits) are shown at the scaled IRAC limits as described in the text. However the non-detections may be driven by
extreme extinction since their dynamical and gas masses are generally comparable to the SMGs detected by IRAC, and thus we show right-sided limits as well
to reflect this. LBGs are shown as 3σ IRAC limits scaled as described in text. The SFRs for the SMGs are scaled from integrated LFIR estimates (Hill et al.
2020). SFRs for the LBGs are estimated as described in the notes of Table 2. The z > 3.5 SMGs (da Cunha et al. 2015) from the ALESS survey (Simpson et al.
2015) are shown as purple circles. The MS at z = 4.3 determined by Speagle et al. (2014) is shown in green, where the scatter (shaded green) is ± 0.2 dex. The
MS power law in the 4 ≤ z < 5 range from Santini et al. (2017) is also shown (grey dashed line).

= 4.3), with a scatter of ± 0.2 dex. While Speagle et al. (2014) did
not include data from the first and last 2 Gyr of the universe in their
fitting, they find their MS relation to provide a reasonable fit to the
data even out to z ∼ 5 and that the parameters of the MS are only
marginally affected when including high-z data.

Fig. 7 shows the relation between SFR and M∗. The MS from
Speagle et al. (2014) is shown for a redshift of 4.3, as well as
the Santini et al. (2017) 4 ≤ z < 5 MS. Five of the eight IRAC-
detected sources (A, C, D, E, and J) as well as the Ks-detected
source H appear to lie within the scatter of the MS of Speagle
et al. (2014). This assessment is unchanged if the Santini et al.
(2017) MS relation is instead adopted. Several of the five IRAC-
undetected sources (especially B and F) could lie above the MS
if their inferred stellar masses are truly as low as the flux limits
suggest, but extreme extinction may be driving the faintness rather
than a low M∗. Indeed, their dynamical and gas masses (from 12CO
line widths and 12CO luminosities, respectively) are generally as
large as those sources detected by IRAC, which would imply their
stellar masses are similarly large, unless they have very high gas
fractions relative to stars. Our gas fraction analysis above does
suggest that the stellar masses may well be as large or even larger
than the location of our IRAC limits would imply (see Table 3). We
thus show these five SMGs as double-sided limits to reflect this
possibility.

We further compare the SPT2349-56 SMGs in Fig. 7 to a sub-
sample of the da Cunha et al. (2015) isolated SMGs from the blank
field ALESS survey (Simpson et al. 2015), where we have restricted
the redshift range to z > 3.5 (a mix of spectroscopic and photometric
redshifts). The final maps of the ALESS survey have a median RMS
of σ870 μm = 0.21 mJy beam−1 (Simpson et al. 2015). The ALMA
maps at 850 μm presented by Hill et al. (2020) have a depth of 0.03
mJy beam−1, a factor of about 7 × deeper. The M∗ values in the
10 SPT2349-56 sources with higher SFRs (SFR >100 M� yr−1, a
limitation set taking the continuum image depths into account to
facilitate a more appropriate comparison with ALESS) likely have
a similar median stellar mass to those of ALESS, 0.9 × 1011 M�.
Because four of these 10 SPT2349-56 SMGs only have limits, we
cannot probe this comparison further.

Interestingly, the four SPT2349-56 SMGs with SFRs below the
detection limit of ALESS have similar M∗ values to the much higher
SFR ALESS galaxies, suggesting they either have atypically high
stellar masses or have SFRs well below the MS given their stellar
mass. At least three (K, M and N) and plausibly all four (given that L
is a limit) lie significantly below the MS. While quenched galaxies at
z > 4 are exceedingly rare (e.g. Speagle et al. 2014), environmental
factors in the dense proto-cluster core may have accelerated the
quenching of these galaxies. ‘Preventative’ and ‘ejective’ feedback
mechanisms are methods in which the gas reservoir of a galaxy is
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either heated or expelled, thereby inhibiting the conditions required
for further stellar activity, effectively quenching galaxy growth.
While the location of these SPT2349-56 SMGs below the MS is
suggestive of quenching, we can only speculate on the mechanism.
Further, it is also not clear whether various quenching mechanisms
operate differently on specific mass ranges.

In our comparison with the z = 4–5 main sequence of star
formation, we find evidence for SMGs at three potentially different
stages of evolution. The fact that many of these SMGs are all
apparently well situated along the MS reveals that even in the most
extreme environment ever found at z > 4, star-forming galaxies are
not clearly offset from the scaling relations of coeval field galaxies.
Indeed, Speagle et al. (2014) find the mode of star formation at a given
mass to be independent of the density of the environment. SMGs
lying above the MS may be gas-rich galaxies at early evolutionary
stages, which are driven to high SFRs through the dense merger
environment of the core. However, in the simulation conducted by
Rennehan et al. (2020) of the evolution of the 14 SMGs in the
proto-cluster core, the intense star formation and resulting stellar
feedback together dramatically reduce the gas in the merger system
resulting in rapid decline in star formation. The SMGs below the
MS may represent quenched galaxies whose star formation has
been truncated through feedback in this environment. The LBGs
identified in SPT2349-56, distinct from SMG identifications, are not
obviously very massive galaxies. They may require much deeper
near-IR observations to better constrain their stellar masses. The
considerable diversity of these sources in their evolutionary phases
is no doubt a result of the extreme merger environment of these 14
SMGs, which are contained within a 130 kpc-region, no larger than
the dark halo of the Milky Way!

4.3 Why are there so many active SMGs in the core?

It is clearly a rare phenomenon to observe 14 star-forming galaxies
in such a compact region. Our SED fitting has allowed for some
constraints on the stellar ages and star formation histories of the
SMGs (Table 3), which in principle could help to elucidate why there
are so many active, bright SMGs in this proto-cluster. Unfortunately,
our photometric sampling is too sparse and our measurements often
too low an SNR for precise SED fitting that would allow us to discuss
in detail the star formation histories. We defer this analysis to Hill
(in preparation), as well as a more detailed consideration of the duty
cycles and gas masses.

We can however speculate on the reasons for the number of
bright, synchronous SMGs in this proto-cluster core, bringing our
findings of additional optically detected proto-cluster members to
the picture. SMGs are a rare population of galaxies that are detected
because of their high sub-mm flux density, related to their short-
lived, elevated SFRs. An inherent stochasticity then likely exists in
selecting massive galaxy haloes hosting SMGs (Miller et al. 2015), in
that a given halo may or may not be seen as active depending on the
duty cycle of these star forming bursts. Miller et al. (2015) conduct
counts-in-cells analysis of eight mock SMG catalogues (each with
about a 2 deg2 field of view from z = 0.5–8), choosing cell sizes
of 10 arcmin × 10 arcmin with depths of dz = 0.05, ensuring that no
SMG associations are split by cell boundaries and that no associations
are counted twice. The simulations indeed show that while the largest
associations of SMGs (five or more) do trace the massive dark matter
haloes likely to evolve into present day rich galaxy clusters, these
associations are uncommon (only about 1 per cent of SMGs exist
in such large associations). Furthermore, many of the most massive
overdensities do not contain any SMGs, in the z = 2–4 range.

The median pairwise separation of SMGs in the largest simulated
associations is 4.3 Mpc; consequently Miller et al. (2015) concluded
that no environmentally driven star formation could be the cause of
these SMG associations. However, the 14 SMGs of SPT2349-56 are
all located within a region approximately 35 × smaller, and we have
here further uncovered another three relatively massive galaxies in
the same volume with lower SFRs. Hill et al. (2020) have also recently
found several [C II] emitters in the same volume with low SFRs. The
extremely dense environment of SPT2349-56 results in many of the
SMGs being close enough to interact on roughly dynamical time-
scales – through mergers, shocks, and energetic outflows from star
formation and AGN, as shown in the simulations of Rennehan et al.
(2020). This, possibly along with dense filamentary inflows of gas,
may lead to the global ignition of star formation witnessed here
occurring within a ∼130 kpc-region.

SPT2349-56 is the brightest example in the SPT-PC survey. With
just nine proto-cluster candidates in the 2500 deg2 SPT field (Wang
in preparation), they are exceptionally rare, with number densities
barely reaching n ≈ 0.004 deg−2. While it is unclear whether the
star formation recipes in Miller et al. (2015) could ever result in a
system like SPT2349-56, it is conceivable that the volume probed
in the 15.7 deg2 field of view of Miller et al. (2015) is simply too
small to detect any SMG associations comparable to that seen in
SPT2349-56.

4.4 Stellar growth of the BCG

Source C stands out in Fig. 7, with an inferred M∗ as massive as
any SMGs seen in the literature at any redshift. SED fitting is
consistent with M∗ = (2–6) × 1011 M� (from the width of the
CIGALE probability distribution) and the gas-rich merging complex
seen in sources B, C, and G may represent the accumulated stellar
population of a forming BCG in the core of a massive galaxy cluster.
The cumulative stellar mass for all the SMGs in the SPT2349-56 core
is at least (12.2 ± 2.8) × 1011 M� (considering only nine of the 14
SMGs are included), which is comparable to the gas mass of the 14
SMGs derived in Miller et al. (2018), 6.7 × 1011 (αCO/0.8) M�. This
gas mass is normalized to the conservative CO-luminosity-to-gas-
mass conversion factor typically adopted for very luminous galaxies
(e.g. Tacconi et al. 2010). A more likely estimate would scale αCO

continuously towards αCO = 4 for the lowest SFR (and mass) galaxies
(Narayanan et al. 2010), yielding ∼1012 M�.

Since Rennehan et al. (2020) have estimated that all 14 galaxies
will completely merge in around 500 Myr and that the stellar mass
will increase in this time due to the partial (50 per cent) consumption
of this gas, we can infer that by a redshift of only 3.3 the stellar mass
of this assembling BCG could be in excess of 1.5 × 1012 M�. Collins
et al. (2009) and Tonini et al. (2012) find that the vast majority of
the stellar mass in BCGs is already in place at very early times; 50
per cent by z = 5 and 80 per cent by z = 3. Tonini et al. (2012)
consequently also find that the time-scale of the mass assembly and
the age of the bulk of the stellar component are comparable, roughly
2–3 Gyr, suggestive of monolithic collapse.

In Fig. 8, we show the assembling BCG stellar mass of SPT2349-
56 compared to a sample of z � 1 galaxy cluster data from van der
Burg et al. (2013), and z = 0.3–0.8 clusters from Hilton et al. (2013).
The summed M∗ of the nine detected SPT2349-56 SMGs is already
comparable to that of BCGs of the most massive z = 1 clusters
(> 1015 M� halo mass), and strongly suggests an inside out collapse
of a very massive structure (van der Burg et al. 2015), with such an
accelerated growth of the core mass relative to z = 1 clusters. We
show the summed M∗ of the nine detected SPT2349-56 SMGs and
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Figure 8. The assembling BCG stellar mass of SPT2349-56 compared to a
sample of z � 1 galaxy cluster data from van der Burg et al. (2013) (purple
circles), and z = 0.3–0.8 clusters from Hilton et al. (2013) (orange squares).
We show the summed M∗ of the nine detected SPT2349-56 SMGs (blue filled
star) and the predicted increase of M∗ in 500 Myr to z = 3.3 (open blue star)
from Rennehan et al. (2020). A growth in M200 of 3 × is expected from z =
4.3 to z = 3.3, and 70 × from z = 4.3 to z = 1 (Chiang et al. 2013), providing
an evolutionary track to z = 1 assuming no additional growth in M∗ of the
SPT2349-56 BCG (dashed blue star). The dashed black line is a fit to the
joint cluster data sets.

the predicted increase of M∗ in 500 Myr to z = 3.3 from Rennehan
et al. (2020). A growth in M200 of 3× is expected from z = 4.3 to
z = 3.3 (the predicted 500 Myr depletion time of Mgas mentioned)
and 70 × from z = 4.3 to z = 1 (Chiang et al. 2013). Starting from
the virial mass of the SPT2349-56 core (Miller et al. 2018), this
provides a rough evolutionary track for SPT2349-56 leading to z

= 1, assuming no additional growth in M∗. In hierarchical �CDM
modelling, Ragone-Figueroa et al. (2018) find that on average the
stellar mass of the BCG and the extended stellar halo grows from z

= 2 to z = 1 by a factor of about 1.6 with an additional factor of
1.5 from z = 1 to z = 0. Even without accounting for the stochastic
growth associated with merging satellites as in the Ragone-Figueroa
et al. (2018) simulations, SPT2349-56 ends up at 8 × 1014 M� in
M200 by z = 1, with a significant excess in BCG mass, relative to the
comparison cluster samples (although not a vastly unusual outlier
given the dispersion). The fact that SPT2349-56 already appears to
have an excess of stellar mass at z = 4.3, and that further rapid BCG
growth is necessitated by the merger and enormous gas mass present
in these galaxies, suggest it may well be an outlier in the BCG / M200

relation by z = 1.

4.5 Baryon budget of SPT2349-56

Next, we turn to an assessment of the baryon budget of SPT2349-56
at z = 4.3 and explore whether some of the SPT2349-56 baryons may
already be in the form of a diffuse, hot gas filling the space between
the galaxies – the intra-cluster medium (ICM) that is characteristic of
massive virialized galaxy clusters at z < 1.5. The virial mass of these
14 SMGs is estimated as (1.16 ± 0.70) × 1013 M� in Miller et al.

Figure 9. Mass budget for the individual sources in SPT2349-56. Stellar
masses (blue diamonds) are determined from SED fitting as discussed in
Section 3.2. The cumulative stellar mass (blue dashed line) only includes
the nine sources with constrained SED fits. We adopt the gas masses (green
circles) from Miller et al. (2018). Dynamical masses (purple squares) are
estimated within a 2 kpc radius given the [C II] line widths of Miller et al.
(2018), using the equation presented in Section 3.1.1. Cumulative gas and
dynamical masses are shown with green and purple dashed lines, respectively.
The grey dashed line (Miller et al. 2018) and grey dotted line (Hill et al. 2020)
are the virial mass estimates for the proto-cluster.

(2018). Hill et al. (2020) find a slightly lower Mvir � 1 × 1013 M�
from a larger number of galaxies within a somewhat larger radius, but
still well consistent within the uncertainties. In Fig. 9, the stellar, gas,
and dynamical mass estimates for the 14 SPT2349-56 sources are
shown individually, as well as their cumulative masses in comparison
to the virial mass of the proto-cluster. We note that several SMGs
(sources C, J, K, M, and N) have M∗ > Mdyn. This is not surprising
considering the large uncertainties associated with the stellar mass
estimates, up to about 20 per cent. Furthermore, in the absence of
radial size estimates for each SMG, we assumed an average 2-kpc
radius in the dynamical mass calculations. For sources K, M, and
N, which lie significantly below the main sequence (source J only
marginally), the dynamical mass is comparable to the stellar mass
within error while the gas masses are depleted, consistent with our
suggestion that these galaxies have been quenched.

Under our assumptions for estimating these quantities, the ALMA
galaxies on the whole appear to be mostly dark-matter-dominated
(Mdyn > Mbaryon). Combining the stellar and gas masses of these core
SMGs, we have a total cold baryon mass of at least 1.9 × 1012 M�,
and a total dynamical mass of 2.8 × 1012 M�, suggesting on average
the galaxies have a dark matter fraction of about 30 per cent within
this assumed 2 kpc radius.

We can divide the total baryon mass by the virial mass estimated
by Hill et al. (2020), which yields a cluster baryon fraction of
fb = 0.19. This is comparable to the universal baryon fraction
estimate based on Planck determinations of �b/�m = 0.156 ± 0.003
(Planck Collaboration XIII 2015, Ade et al. 2016). Notice that
stars by themselves give baryon fractions of fb > 0.12. For the
five IRAC-undetected SMGs, the dynamical masses (from 12CO
line widths) are generally as large as those for the SMGs detected
by IRAC. This may imply their stellar masses are similarly large,
but the SEDs have large dust extinctions, which would suggest the
universal baryon fraction is exceeded just by the stellar masses of
the SPT2349-56 SMGs. Therefore, unless the gas and stellar masses
are dramatically overestimated, even with uncertainties, there is little
room for significant amounts of hot, diffuse ICM gas. Sokołowska
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et al. (2016) show that this is consistent with recent high-resolution
galaxy simulations, which suggest that at the earliest stages the
growth of the diffuse gas component is primarily driven by galactic
outflows powered by stellar (and AGN) feedback, as well as heating
due to major mergers.

5 C O N C L U S I O N S

We have studied SPT2349-56 at optical and near-IR observed-
frame wavelengths with imaging from Gemini-S and Spitzer-IRAC.
Arguably the most important conclusion from this work is that
despite the incredible total SFR and density of SPT2349-56, it
would be exceedingly difficult to identify in large surveys through
optical overdensity selection techniques, and the structure is faint
or undetected even at near-IR through IRAC wavelengths. This
emphasizes the importance of searching for early formative structures
at millimetre wavelengths. Also of importance for cluster formation,
we find the likely BCG associated with ALMA source C. This is
significant, as it coincides with where most of the [C II] and CO(4-
3) emitters are spatially located, and significant stellar growth has
already occurred near the centre-of-mass of the cluster core. Our
conclusions are as follows:

(i) We detect four plausible counterparts to SPT2349-56 SMGs in
the g, r, and i bands, although one is revealed to be an interloper z =
2.54 galaxy along the line of sight to SMG A. We estimate a possible
resulting gravitational lensing magnification of ALMA source A to
be <1.2.

(ii) Using the Toshikawa et al. (2018) z � 4 dropout selection
criteria (accomodating slightly redder sources) at our iAB < 26.2 (5σ )
depth, we find four LBGs that are likely new members of an already
highly overdense region: one is unambiguously the counterpart of
an ALMA SMG (M); one is only 0.8 arcsec offset from another
ALMA SMG (J); one has a candidate [C II] line detection in our deep
ALMA data; and the final one is detected in Lyα by VLT/MUSE
(Apostolovski in prep.). While this represents a substantial local
overdensity (perhaps 8–17 times the background level within a
30 arcsec-diameter region), the small number of galaxies would not
be a statistically significant overdensity in a large survey. The iAB

< 25 LBG overdensity in a 1.8 arcmin-radius aperture, matching
the Toshikawa et al. (2018) proto-cluster search criteria, is only 3σ

significant for SPT2349-56.
(iii) For the nine SMGs detected by IRAC or in Ks, we use

their multiband imaging to study their properties and estimate the
stellar masses using CIGALE fitting, finding M∗ to range between
(0.4 and 3.2) × 1011 M�.

(iv) Source C appears to be brighter and to have a substantially
larger stellar mass than any of the other SPT2349-56 sources, and
is amongst the most massive z > 3.5 SMGs from the ALESS field
survey. It may be the stellar seed of a rapidly forming BCG galaxy.

(v) The highest SFR SMGs in SPT2349-56 have a similar range
of M∗ to the ALESS SMGs at z > 3.5, and lie within the scatter of
the main sequence of star formation at these redshifts. However, our
lowest SFR SMGs have stellar masses consistent with the high M∗

values of the other SPT2349-56 sources as well as the ALESS SMGs
and may represent rapid build-up of stellar mass and a subsequent
early quenching of massive galaxies in the dense proto-cluster core.

(vi) The cumulative stellar mass for the SPT2349-56 core is at
least (12.2 ± 2.8) × 1011 M�. Since these galaxies appear destined
to merge on a short time-scale (Rennehan et al. 2020), this stellar
mass is already comparable to that of a BCG in a > 1015 M� galaxy
cluster at z < 1. The combined stars and gas in the SPT2349-56 core

represent a large fraction (more than ∼19 per cent) of the virial mass
estimate, and this may suggest that there is not yet an established hot
ICM at this early epoch.
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In the following section, we include the SED fits from CIGALE for
the six sources detected in both IRAC bands (see Fig. A1), followed
by those detected in only one IRAC band or in Ks (see Fig. A2).
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Figure A1. Best-fitting SED from CIGALE for SMGs detected at both IRAC bands.
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SPT2349-56 at optical wavelengths 1813

Figure A2. Best-fitting SED from CIGALE for SMGs with single band near-IR constraints. While source N is detected at 3.6μm and Ks, D is only detected at
4.5μm, and H only at Ks.

APPENDIX B

In this section, we consider all g-band dropouts (with detections
>5σ and >3σ in i and r band, respectively) that meet the Toshikawa
et al. (2018) colour criteria in the approximately 6 arcmin-diameter

GMOS field surrounding SPT2349-56. Fig. B1 shows the colours of
the objects detected and illustrates the Toshikawa et al. (2018) colour-
selection window, highlighting the LBG candidates identified. The z

� 4 LBGs within a 2.1 arcmin radius from the ALMA centroid are
listed in Table B1.
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1814 K. M. Rotermund et al.

Figure B1. Colour–magnitude diagram (top) and colour–colour diagram (bottom) of objects selected with >5σ in i and detected with >3σ in r within the
GMOS footprint (purple dots). Objects undetected in g-band are identified by open purple circles placed at the g − r limit. The blue squares and blue lower
limits highlight the LBG candidates selected by the Toshikawa et al. (2018) colour criteria, and correspond to the LBGs shown in Fig. 1. The cyan circles and
cyan lower limits are additional LBG candidates identified when the Toshikawa et al. (2018) r − i colour is relaxed to an upper limit of 2. They correspond to
the cyan circles in Fig. 1. Top: The solid blue and cyan horizontal lines indicate the two r − i colour limits. The dashed grey line represents the detection limit
of the GMOS images (5σ and 3σ for i and r band, respectively). Bottom: The solid blue line illustrates the Toshikawa et al. (2018) colour-selection window, the
cyan line the extension when the r − i limit is relaxed to 2. Both: The three SPT2349-56 sources detected in at least one of the GMOS bands (sources C, E, and
M) are included as red stars.
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SPT2349-56 at optical wavelengths 1815

Table B1. Properties of all candidate z � 4 LBGs within a 2.1 arcmin radius of the SPT2349-56
ALMA centroid. Ordered by i-band magnitude. Photometry errors range from 0.02 for the brightest
detections to 0.2 for the faintest.

ID RA Dec i r g r − i g − r
(AB) (AB) (AB) (AB) (AB)

1 23:49:45.66 − 56:36:19.553 23.02 23.45 24.90 0.42 1.45
2 23:49:47.736 − 56:37:39.9227 23.43 23.82 25.31 0.39 1.49
3 23:49:57.3359 − 56:38:04.8559 23.45 23.55 24.56 0.10 1.01
4 23:49:38.504 − 56:38:07.7406 23.78 23.96 25.06 0.18 1.10
5 23:49:32.9717 − 56:37:03.6818 23.89 24.30 25.81 0.41 1.52
6 23:49:41.3754 − 56:39:21.4016 23.91 24.08 25.18 0.17 1.10
7 23:49:33.2647 − 56:39:50.1271 23.98 24.54 26.22 0.56 1.67
8 23:49:36.6043 − 56:39:56.5279 24.01 24.13 25.50 0.12 1.37
9 23:49:36.7826 − 56:39:42.2089 24.11 24.15 25.32 0.04 1.17
10 23:49:50.3222 − 56:38:46.3643 24.18 24.40 25.84 0.22 1.44
11 23:49:48.1164 − 56:36:36.9346 24.42 24.71 26.16 0.29 1.45
12 23:49:44.8061 − 56:36:49.2048 24.48 25.00 – 0.51 –
13 23:49:45.9239 − 56:37:09.4512 24.79 25.29 – 0.50 –
14 23:49:42.4754 − 56:36:42.8929 24.84 24.89 26.01 0.04 1.12
15 23:49:39.1115 − 56:39:33.6838 24.87 25.48 – 0.61 –
16 23:49:52.0815 − 56:38:29.886 24.93 25.85 – 0.92 –
17 23:49:53.935 − 56:37:22.4742 24.95 26.22 29.33 1.28 3.11
18 23:49:32.9176 − 56:38:37.2422 24.97 24.96 26.03 −0.012 1.07
19 23:49:48.3729 − 56:37:24.8416 24.97 24.98 26.39 0.007 1.42
20 23:49:32.1277 − 56:37:52.5108 24.98 25.23 27.00 0.24 1.78
21 23:49:46.3815 − 56:37:33.352 25.05 25.64 27.65 0.58 2.02
22 23:49:47.4104 − 56:37:48.3888 25.11 26.06 28.32 0.95 2.26
23 23:49:42.884 − 56:37:41.5758 25.18 25.79 27.55 0.61 1.76
24 23:49:45.4183 − 56:37:50.6935 25.26 25.39 26.61 0.13 1.22
25 23:49:41.2714 − 56:39:24.5941 25.28 25.51 – 0.23 –
26 23:49:50.0852 − 56:38:37.3747 25.45 25.81 28.90 0.36 3.09
27 23:49:52.6003 − 56:38:16.6182 25.46 25.59 26.92 0.13 1.33
28 23:49:48.6547 − 56:37:05.4282 25.49 24.88 25.92 −0.607 1.04
29 23:49:43.3442 − 56:38:20.9623 25.54 26.35 29.46 0.81 3.11
30 23:49:51.6146 − 56:39:22.7974 25.65 26.48 – 0.83 –
31 23:49:37.0779 − 56:39:35.7322 25.65 26.32 – 0.67 –
32 23:49:53.3103 − 56:38:23.5745 25.67 26.45 28.88 0.78 2.43
33 23:49:52.7764 − 56:39:42.9613 25.70 26.50 29.35 0.80 2.85
34 23:49:52.535 − 56:37:20.5525 25.75 26.62 – 0.86 –
35 23:49:42.6368 − 56:38:29.0018 25.76 26.77 – 1.01 –
36 23:49:38.5943 − 56:38:44.4538 25.77 26.63 29.06 0.86 2.42
37 23:49:38.4095 − 56:36:35.3473 25.79 26.48 – 0.69 –
38 23:49:41.5607 − 56:37:23.0682 25.83 26.60 28.90 0.77 2.30
39 23:49:32.0454 − 56:37:46.6313 25.86 25.83 26.83 −0.030 1.00
40 23:49:43.2724 − 56:38:29.7938 25.86 26.83 – 0.97 –
41 23:49:39.8886 − 56:37:33.7577 25.86 26.61 – 0.75 –
42 23:49:51.4217 − 56:38:53.7364 25.88 26.62 – 0.74 –
43 23:49:45.9803 − 56:36:31.3668 25.91 25.98 27.96 0.07 1.98
44 23:49:38.8815 − 56:39:14.4601 25.94 26.45 28.17 0.51 1.72
45 23:49:53.3111 − 56:37:56.4834 25.95 26.09 27.90 0.14 1.81
46 23:49:57.1831 − 56:38:14.7836 25.98 26.22 27.66 0.24 1.44
47 23:49:39.3771 − 56:39:12.8362 26.01 26.48 28.23 0.47 1.75
48 23:49:33.3948 − 56:37:27.323 26.02 26.11 27.63 0.09 1.52
49 23:49:41.9175 − 56:36:26.9575 26.02 26.45 28.21 0.43 1.76
50 23:49:36.8624 − 56:38:00.424 26.03 26.53 28.76 0.50 2.23
51 23:49:34.931 − 56:38:55.1054 26.08 26.38 27.98 0.31 1.59
52 23:49:30.1492 − 56:38:18.3113 26.10 26.77 29.25 0.67 2.48
53 23:49:46.7053 − 56:36:35.3912 26.12 27.15 – 1.03 –
54 23:49:31.3236 − 56:37:06.0532 26.13 26.64 29.54 0.51 2.90
55 23:49:31.7981 − 56:38:39.521 26.14 26.40 28.10 0.26 1.71
56 23:49:49.3724 − 56:37:00.4062 26.16 25.80 26.89 −0.359 1.09
57 23:49:46.8108 − 56:36:35.4287 26.22 26.72 – 0.51 –
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