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ABSTRACT

There is controversy in the literature regarding whether distant, massive, and dusty starbursts selected at (sub)millimeter wavelengths
can trace galaxy overdensities. We thus performed the first systematic search for distant protoclusters around a homogeneously
selected sample of 12 spectroscopically confirmed submillimeter galaxies (SMGs) at z ~ 1.2-5.3, which we selected from the
GOODS-N field. We applied the well-established Poisson probability method (PPM) to search for megaparsec-scale overdensities
around these SMGs, using three different photometric redshift catalogs. We robustly detect galaxy overdensities for 11 out of the 12
SMGs (i.e., 92% + 8%), distributed over eight large-scale protoclusters. We confirm all three previously discovered protoclusters, and
we detect five new ones around the SMGs SMM J123634 (z = 1.225), ID.19 (z = 2.047), SMM J123607 (z = 2.487), SMM J123606
(z = 2.505), and GN10 (z = 5.303). A wavelet-based analysis of the protocluster fields shows that the SMGs are located in protocluster
cores with a complex morphology (compact, filamentary, or clumpy) and an average size of ~(0.4—1) Mpc. By comparing the PPM
results obtained using the three redshift catalogs independently, each of which trace different galaxy populations and redshift ranges,
we speculate that we are possibly witnessing a transitioning phase at z > 4 for the galaxy population of protoclusters. While z < 4
protoclusters appear to be populated by dusty galaxies, those at the highest redshifts, z ~ 5, are detected as overdensities of Lyman «
emitters or Lyman break galaxies. Further investigation with larger samples is required to reach a definitive conclusion. We also find a
good correlation between the molecular (H,) gas mass of the SMGs and the significance of the associated overdensity. To explain the
overall phenomenology, we suggest that galaxy interactions in dense environments likely triggered the starburst and gas-rich phase of
the SMGs. Altogether, our findings support the scenario that SMGs are excellent tracers of distant protoclusters. The ones presented in
this work are excellent targets for the James Webb Space Telescope. Similarly, future surveys with forthcoming facilities (e.g., Euclid
and LSST) can be tuned to detect even larger samples of distant protoclusters.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: high-redshift — galaxies: starburst — infrared: galaxies —

submillimeter: galaxies

1. Introduction

Understanding when and how present-day galaxy clusters
formed at high redshifts has been the main science driver for the
extensive search for protoclusters of galaxies in the distant uni-
verse, especially at optical and near-infrared wavelengths (see
Overzier 2016 and Alberts & Noble 2022 for reviews; the lat-
ter focuses on the infrared). The most massive galaxies in the
present-day universe lie in rich clusters. Their old, coeval, metal-
rich populations suggest that they may have formed as spec-
tacular starbursts at high redshifts. Powerful high-redshift radio
galaxies (see the review by Miley & De Breuck 2008) are con-
sidered to be the most promising signposts of massive clusters in
formation.

In the last decade, (sub)millimeter surveys have revolution-
ized our understanding of the formation and evolution of galax-
ies, by revealing an unexpected population of high-redshift,
dust-obscured galaxies that are forming stars at a tremen-
dous rate. Submillimeter galaxies (SMGs; see the review by

* Interactive version of Fig. 3 is available at

www.aanda.org

https://

Casey et al. 2014), first discovered by Smail et al. (1997), have
intense star formation rates (SFRs) of a few hundred to sev-
eral thousand solar masses per year. These dusty starbursts are
massive (e.g., Greve et al. 2005), most probably the precursors
of present-day ellipticals (e.g., Ivison et al. 2013), and should
be excellent tracers of matter density peaks and thus proto-
clusters. In the past few years, several groups have discovered
overdensities of dusty star-forming galaxies at redshifts beyond
z =2 (e.g., Clements et al. 2014, 2016; Dannerbauer et al. 2014,
Casey et al. 2015; Flores-Cacho et al. 2016; Hung et al. 2016;
Wang et al. 2016).

Some of these protoclusters, such as the well-known
Spiderweb Galaxy protocluster around the powerful radio galaxy
MRC1138+262 at z = 2.16, are associated with galaxy over-
densities not only of SMGs but also of low- to medium-mass
galaxy populations, such as Lyman « emitters (LAEs) or Ha
emitters. These studies are complemented by discoveries of a
handful of single SMGs physically associated with galaxy over-
densities traced at other wavelengths (e.g., Caputi et al. 2021). A
notable example is the companion GN20 and GN20.2a SMGs at
z = 4.05, which were discovered by Daddi et al. (2009) to lie in
a strong galaxy overdensity with a total mass of ~10'* M,
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At similar redshifts, Oteo et al. (2018) later discovered an
extreme protocluster whose core is formed by at least ten dusty
star-forming galaxies at z = 4.0, located within a projected area
with a size of ~140 kpc. Miller et al. (2018) also reported a
massive overdensity of 14 gas-rich galaxies at redshift z = 4.3
within a projected region of ~130 kpc in diameter. At even ear-
lier epochs, there is the protocluster around the SMG AzTEC-
3 at z = 5.3 in the Cosmic Evolution Survey (COSMOS)
field (Capak et al. 2007), which contains at least one SMG
(Riechers et al. 2010; Capak et al. 2011) as well as several LAEs
(Guaita et al. 2022).

While generally similar to radio galaxies in terms of their
stellar mass, SMGs may have one advantage for studying the
detailed properties of high-redshift clusters: the surface density
of bright SMGs is at least a factor of 10 higher than that of
powerful radio galaxies (Reuland et al. 2003). Thus, if it can
be proven that luminous submillimeter sources do indeed lie in
regions of galaxy overdensities, there is the potential that, in the
future, they could be used to substantially increase the number
of known high-redshift clusters and protoclusters and thereby
facilitate a detailed and statistical study of such large-scale
structures.

However, we note that there is a controversy on how
reliably SMGs can be used as tracers of large-scale struc-
tures (Chapman et al. 2009; Miller et al. 2015; Casey 2016;
Alvarez Crespo et al. 2021; Gao et al. 2022). By using large-
volume semi-analytic simulations from Klypinetal. (2011)
and applying abundance matching and analytical prescrip-
tions for galaxies, Miller et al. (2015) found that most of the
strongest overdensities do not host SMGs. The recent review by
Alberts & Noble (2022) on galaxy protoclusters, focusing on the
infrared, discusses the pro and cons and concludes that SMGs
could be signposts for overdensities.

To the best of our knowledge, there are only a few systematic
studies that have investigated whether SMGs can be used as reli-
able tracers of galaxy overdensities (e.g., Alvarez Crespo et al.
2021; Gao et al. 2022). In this work we present a pilot statis-
tical study aimed at exploring the potential of SMGs to trace
galaxy protoclusters. To this aim, we use the Poisson prob-
ability method (PPM; Castignani et al. 2014a) to search for
and characterize megaparsec-scale overdensities around a sam-
ple of distant z ~ 1.2-5.3 SMGs, which are possibly asso-
ciated with large-scale protoclusters. The PPM was primarily
introduced and applied to search for high-redshift clusters and
groups around z ~ 1-3 radio galaxies, in particular within the
COSMOS survey (Castignani et al. 2014b, 2019), and in this
work we apply the method using distant SMGs instead as posi-
tional priors for our search for protoclusters. The major goal of
our work is to shed light on the strongly debated question of
whether SMGs are good tracers of distant protoclusters (see, e.g.,
Miller et al. 2015; Casey et al. 2015), via testing the efficiency
of the PPM as a validation and characterization of protocluster
candidates around well-known and spectroscopically confirmed
SMGs.

The paper is organized as follows. In Sect. 2 we describe
the data used in this work: the SMG sample and the photomet-
ric redshift catalogs. In Sect. 3 we describe the PPM that we
use to search for protoclusters around the SMGs. In Sect. 4 we
present and discuss our results. In Sect. 5 we draw our conclu-
sions. Throughout this work we adopt a flat A cold dark matter
cosmology with matter density Q,, = 0.30, dark energy density
Qa = 0.70, and Hubble constant 4 = Hy/100kms™ Mpc™! =
0.70.
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2. Data

In this section we present the main data from the literature that
we use in our study. We first describe our sample of SMGs, and
then the different photometric redshift catalogs that we use to
search for galaxy overdensities around the SMGs themselves.
We emphasize that with the PPM we will be able to search for
galaxy overdensities at megaparsec scales, which is the typical
size of protocluster cores, whereas the overall extent of galaxy
protoclusters could be up to 10-20 Mpc (see, e.g., Muldrew et al.
2015; Casey et al. 2015).

2.1. The submillimeter galaxies
2.1.1. The selection of the SMG sample

We searched in the literature for SMGs in the GOODS-N (Great
Observatories Origins Deep Survey) field', with spectroscopic
redshifts obtained via CO lines, which is the most reliable and
accurate methods for determining the redshift of these dusty
starbursts. This search resulted in 17 SMGs. However, as we
want to search for galaxy overdensities with the PPM, which
makes uses of photometric redshifts of galaxies in the field of
the SMGs, we removed five sources from the sample of 17 as
they fall outside the range of RA and Dec covered by the photo-
z catalogs that are currently available for the GOODS-N field.
Our final SMG sample thus consists of 12 gas-rich, star-forming,
and bright far-infrared (FIR) sources, as further discussed in the
following. In Table 1 we report the main properties of the 12
SMGs of this work, including their redshift, stellar and molec-
ular gas masses, CO and FIR luminosities, SFR, and depletion
time 74ep = Mpy,/SFR. We note that two SMGs, namely, 1D.03
and ID.19, have not been selected through submillimeter sur-
veys but they were found directly through a CO blind survey
(Decarli et al. 2014).

2.1.2. Molecular gas and star formation

Molecular gas masses of the SMGs are high, ranging between
(1.3-15) x 10'° M,. They come from flux measurements from
the literature, and were estimated as follows. For all 12 SMGs
we first searched in the literature for CO(J — J-1) line flux
measurements, where J is a positive integer denoting the total
angular momentum. When multiple lines were available for a
given SMG, we gave preference to the lowest-J transition avail-
able. This is because lower-J CO transitions require lower gas
densities and temperatures (e.g., Liu et al. 2021) and are thus
preferred when estimating the total cold molecular gas masses.
We then converted CO(J — J—1) fluxes into velocity integrated
luminosities L’CO(HLI), via Eq. (3) of Solomon & Vanden Bout
(2005), and then into molecular gas masses. In order to have
homogeneous gas mass estimates we used a CO-to-H, conver-
sion factor aco = 0.8 My, (K km s™! pc?)~!, typical of starbursts,
and excitation ratios ry; = L’CO(HLI)/L&O(HO) = 0.9, 0.6, and
0.32 for J = 2, 3, and 4, respectively (Birkin et al. 2021).

It is worth noticing that the SMGs in our sample not only
have high molecular gas masses but they also have high FIR
luminosities, with a median value of log(Lgr/Le) =~ 12.6, typi-
cal of ultra-luminous infrared galaxies (ULIRGs; see Table 1).
The sources in our sample are thus bright SMGs, similar to
those originally discovered with bolometer cameras mounted

! https://www.stsci.edu/science/goods/
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Table 1. Properties of the GOODS-N SMGs.

Name Zspee  CO(J — J-1) Scou—is-1)Av L’Co( J—J-1) log(My /M) My, log(Lrr/Lo) SFR Tdep Reference
(Jykms™1) (10" Kkm s~! pc?) (1010 M) (Mo yr™y  (yr)
€8 2 3 4) (5) (6) ) 3) (&) (10 (11)
SMM J123634 1225 COQ-1) 1.5+02 2.97+0.40 10.82 @ 2.64+0.35 12.56 330 8.0x 107 Bothwell et al. (2013)
ID.03 1.784 CO(2-1)  0.50+0.08 2.00+0.32 - 1.78+0.28 11.83 61 2.9%x10% Decarli et al. (2014)
SMM J123711 1.995 CO(3-2) 19+0.5 4.14+1.09 - 5.52+1.45 12.82 601 9.2x 107 Bothwell et al. (2013)
SMM 1123618 1.996 CO(4—3) 15+02 1.84+0.25 10.71 @ 4.60+0.61 12.89 706  6.5x 107 Bothwell et al. (2013)
SMM J123712 1.996 CO(3—2) 12+04 2.62+0.87 1047 @ 3.49+1.16 12.43 245 1.4x 108 Bothwell et al. (2013)
ID.19 2047 CO(B-2) 043+0.11 0.98+0.25 - 1.31+0.33 10.90 722  1.8x10° Decarliet al. (2014)
SMM 1123707 2.487 CO(3-2) 1.0£03 3.20+0.96 11.19@  423+1.28 11.19 14 3.0x 10° Bothwell et al. (2013)
SMM J123606 2.505 CO(3—2)  0.45+0.15 1.46+0.49 11.20@  1.95+0.64 10.30 1.81  1.1x10' Bothwell et al. (2013)
GN20 4.055 CO(4—3) 1.5+0.2 6.01+0.80 11.04®  15.0+2.00 13.46 2622 5.7x107 Daddi et al. (2009)
GN20.2a 4051 CO®4-3) 0.9+0.3 3.61£1.20 11.58®  9.03+£2.01 13.20 1441 63 %107 Daddi et al. (2009)
HDF850.1 5.183 CO@2—1) 0.148 £0.057 3.47+1.34 - 3.08+1.19 12.58 346 8.9 x 107 Riechers et al. (2020)
GN10 5303 CO(1—0) 0.054 +0.017 5.24+1.65 - 4.19+1.32 12.76 523 8.0 x 107 Riechers et al. (2020)

Notes. Column (1): source ID. (2): CO-based spectroscopic redshift. (3): CO(J — J-1) transition. (4): Velocity integrated CO(J — J-1) flux.
(5): Velocity integrated CO(J — J-1) luminosity. (6): Stellar mass by Hainline et al. (2011) or Tan et al. (2014), denoted with (a) or (b), respec-
tively. The symbol — denotes that the stellar mass is not available in the literature. (7): Molecular H, gas estimated assuming a CO-to-H, conversion
factor aco = 0.8 My (Kkm s™! pc?)~!, typical of starbursts, and an excitation ratio ry; = L/CO(J—>J—1)/L,CO(1—>()) = 0.9, 0.6, and 0.32 for J = 2, 3,
and 4, respectively (Birkin et al. 2021). (8): FIR luminosity. (9): SFR estimated via the relation SFR/(My/yr) = 9.09 x 10" Lgr /Lo (Kennicutt
1998). (10): Depletion timescale 74, = My, /SFR. (11): Reference for the CO and FIR observations.

on single-dish telescopes (e.g., Smail et al. 1997; Hughes et al.
1998; Barger et al. 1998).

The FIR luminosities were then converted into SFRs using
the relation SFR/(Mg/yr) = 9.09 X 107" L /Lo by Kennicutt
(1998). Hence, our SMGs are characterized by strong ongoinlg
star formation activity, with a median of SFR =~ 340 Mg yr~
In particular, both SMGs of the GN20-GN20.2a pair have
the highest SFRs, exceeding 1000 My yr~!, and FIR luminosi-
ties largely exceeding the value of log(Lgr/Le) = 13, which
is typical of hyper-luminous infrared galaxies (HyLIRGs; see
Sect. 2.1.4). These high levels of star formation activity in the
SMGs are ultimately sustained by the large molecular gas reser-
voirs, which are consumed quite efficiently, which is typical of
starbursts. Our SMGs have indeed short depletion timescales
Tdaep = Mu,/SFR ~ 0.1 Gyr (median).

2.1.3. Stellar masses

We found stellar masses for only seven SMGs in the lit-
erature (Hainline et al. 2011; Tanetal. 2014), in the range
log(My/My) =~ 10.5-11.2 (see Table 1). Many SMGs are
indeed undetected in the optical wavelengths, as for example
it is the case for GN10 and HDF850.1, which are completely
dust-obscured (Daddi et al. 2009; Walter et al. 2012; Calvi et al.
2021), so that it is difficult to estimate their stellar masses. Alto-
gether, the SMGs in our sample have high stellar masses and star
formation, and are thus likely the progenitors of local ellipticals
(Michatowski et al. 2010; Fu et al. 2013).

2.1.4. The SMGs and their environments: General
considerations

Previous studies found evidence of protoclusters for six SMGs
out of the 12 in our sample, as discussed in the follow-
ing. SMM J123711, SMM J12618, and SMM J123712 were
confirmed by Bothwell et al. (2013) as bright submillime-
ter emitters, with similar properties in terms of gas masses
My, = (3-5-5.5) % 10' M, and FIR luminosities, Lpr/Le =
12.4—12.9, typical of ULIRGs. They also have the same red-
shifts z = 1.995-1.996 and relatively small pairwise pro-

jected separations of ~3.3 Mpc. At the location of these SMGs,
Chapman et al. (2009) reported the existence of a z = 1.99 proto-
cluster, discovered as a spectroscopic overdensity of ~100 SMGs
across 800 arcmin?. Therefore, we believe all three SMGs in our
sample belong to the same overdense large-scale structure.

GN20 and GN20.2a were discovered as bright distant SMGs
by Daddi et al. (2009). They have similarly high gas masses
My, = (0.9-1.5) x 10'" M, and FIR luminosities, Lpr/Lo =
13.20—-13.46, typical of HyLIRGs (e.g., Rowan-Robinson 2000;
Neri et al. 2020), which are often associated with infall/outflows,
mergers, and mutual interactions. They are thus possibly inter-
acting as indeed they are separated by just 24 arcsec (i.e.,
167 kpc) in projection, while being at the same redshift z =
4.05. Furthermore, Daddi et al. (2009) found a strong overden-
sity of B-band dropouts and IRAC (Infrared Array Camera on
the Spitzer Space Telescope) -selected massive z > 3.5 galaxies,
appearing to be centered on the two SMGs GN20 and GN20.2a,
which suggests the presence of a z = 4.05 protocluster.

Similarly, the z = 5.2 SMG HDF850.1 in our sample is
embedded in an overdensity of galaxies with spectroscopic red-
shifts that agree well with that of HDF850.1 (Walter et al. 2012).
Calvi et al. (2021) showed none of their 23 spectroscopically
confirmed members are SMGs. They are instead in majority
LAESs or Lyman break galaxies (LBGs).

To the best of our knowledge, these are the only known
(candidate) protoclusters around SMGs in the GOOD-N field.
The remaining six SMGs in our sample have no unambiguous
environmental analysis in the literature and have pairwise large
separation both in redshift and in projection. In this work
we investigate the large-scale environments of all 12 SMGs
using the PPM, considering each of them separately. However,
given the considerations outlined above, we then discuss the
detected overdensities associated with the SMGs GN20 and
GN20.2a altogether, and similarly for the SMGs SMM J123711,
SMM J12618, and SMM J123712.

In Table 2 we provide a summary of the basic properties of
the 12 SMGs, which are grouped in those cases where multiple
SMGs are close to each other and likely belong to same over-
density, as discussed above.
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Table 2. Summary of the SMG properties: coordinates and known overdensities.

Name RA (J2000)  Dec (J2000)  zgpec  Known overdensity Reference

(H 2 3 C) ) 6)

SMM J123634 12:36:34.57  62:12:41.0 1.225

1D.03 12:36:48.63  62:12:15.8 1.784

SMM J123711  12:37:11.19  62:13:31.2  1.995 Yes Chapman et al. (2009)
SMM J123618 12:36:18.47  62:15:51.0 1.996 Yes Chapman et al. (2009)
SMM J123712  12:37:12.12  62:13:22.2  1.996 Yes Chapman et al. (2009)
ID.19 12:36:51.60  62:12:17.3  2.047

SMM J123707 12:37:07.28  62:14:08.6  2.487

SMM J123606 12:36:06.21  62:10:24.9  2.505

GN20 12:37:11.90  62:22:12.1  4.055 Yes Daddi et al. (2009)
GN20.2a 12:37:08.77  62:22:01.7 4.051 Yes Daddi et al. (2009)
HDF850.1 12:36:51.99  62:12:25.8 5.183 Yes Walter et al. (2012)
GNI10 12:36:33.45  62:14:08.9  5.303

Notes. Column (1): source ID. Columns (2,3): J2000.0 right ascension and declination. Column (4): CO-based spectroscopic redshift. Column (5):
known overdensity flag. Column (6): reference for the overdensity around the SMG.

2.2. Photometric redshift catalogs

In this section we give a brief overview of the three photomet-
ric redshift catalogs we used to search for galaxy protoclus-
ters around the SMGs. These catalogs were built and released
by Arrabal Haro et al. (2018), Barro et al. (2019), and Liu et al.
(2018), hereafter denoted as AH18, B19, and L18, respectively,
to which we refer for a complete complete discussion of the
sample built-up and detailed properties. As outlined below, the
three catalogs contain sources that were selected with different
criteria and techniques, as well as deep multiwavelength pho-
tometry from the infrared to the ultra-violet. They thus contain
complementary information about the high-z galaxy population
in the GOOD-N field and are therefore optimal to search for
and characterize distant protoclusters limiting the possible biases
that could arise by using instead a single multiband photometric
catalog.

2.2.1. Barro et al. (2019)

This is the largest photo-z catalog we used. The sources
were selected by the authors from the CANDELS (Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey) sur-
vey (Grogin et al. 2011; Koekemoer et al. 2011) covering the
GOODS-N field.

The selection was done using the WFC3/F160W filters
(H-band) down to a magnitude limit of H ~ 28 mag. The selec-
tion also combined data from the deep and wide-field observa-
tions of the CANDELS program, from the ultraviolet to the FIR,
over a total area of 171 arcmin®. The released catalog contains
35445 sources, of which 22670 have photometric redshifts in
the range 1.0 < z < 5.5. The highest and nearly uniform accu-
racy o(5 +(me) < 0.01 of the photometric redshifts is found in the
redshift range z ~ 0-2.5. Altogether, the median redshift of the
sources in the catalog is z = 1.43’:(1)%, where the uncertainties
correspond to the 68% confidence interval around the median.
The B19 catalog thus allows us to potentially search for over-
densities around all SMGs in our sample.

2.2.2. Liu et al. (2018)

This catalog includes photometry for 3306 super-deblended
Herschel sources in the GOODS-N field, up to z ~ 6. The
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sample was built by the authors using a technique that allowed
them to process low-resolution FIR images, thus limiting source
confusion. Specifically, they used positional priors based on
source positions from higher-resolution infrared and radio obser-
vations with Spitzer/MIPS (Multiband Imaging Photometer for
Spitzer) at 24um and VLA (Karl Guthe Jansky Very Large
Array) at 1.4 GHz. These positional priors allowed the authors
to properly fit the FIR/submillimeter data, and thus build an
unblended source catalog with reliable photometry in both FIR
and (sub)millimeter bands.

2.2.3. Arrabal Haro et al. (2018)

This photometric catalog consists of 1558 high-z galaxies
selected in the ultraviolet (528 LAEs and 1030 LBGs), which
were selected with criteria based on color excesses and spec-
tral energy distribution fits. In more detail, the authors car-
ried out a systematic search for LAEs and LBGs between
z ~ 3.35-6.8 by using 25 medium-band filters (full width
at half maximum ~17 nm; from 500 to 941 nm) of the Sur-
vey for High-z Absorption Red and Dead Sources (SHARDS;
Pérez-Gonzdlez et al. 2013). This survey was conducted with
the instrument OSIRIS (Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy; Cepa 2010) at
the GranTeCan telescope, covering an area of ~130 arcmin? of
the GOODS-N field.

Figure 1 displays the redshift distribution of galaxies in the
three photometric catalogs. It shows the complementarity in
terms of redshift range of the AH18 catalog with respect to the
other two. While both B19 and L18 samples have similar red-
shift distributions peaking around z ~ 1, AH18 sources populate
the highest redshifts.

3. The Poisson probability method

The PPM searches for high-z megaparsec-scale overdensities of
galaxies around a given target. It is based on a theory defined
on the ensemble of the photometric redshift realizations of the
galaxies in the field. Through the use of a solid positional prior
and an accurate photometric redshift sampling, the PPM par-
tially overcomes the limitations deriving from low number-count
statistics and shot-noise fluctuations, which are particularly
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Fig. 1. Photometric redshift distributions of the B19 (Barro et al. 2019),
L18 (Liu et al. 2018), and AH18 (Arrabal Haro et al. 2018) catalogs in
the GOODS-N field.

relevant in the high-z universe such as in the case of protoclus-
ters. More specifically, the PPM method uses photometric red-
shifts of galaxies to search for overdensities around each target
(each SMQG, in this work) along the line of sight. To this aim the
PPM adopts an accurate sampling of the photometric redshift
information to the detriment of a less sophisticated tessellation
of the projected space, which is performed in terms of concen-
tric annuli centered around each target. We refer to our previous
studies for a detailed description of the method (Castignani et al.
2014a), its wavelet based extension (wPPM; Castignani et al.
2019), and the applications (Castignani et al. 2014b, 2019). We
summarize below the basic steps of the method.

First, we tessellated the projected space with a circle cen-
tered at the coordinates of the SMG and a number of consecu-
tive adjacent annuli. The annuli and the central circle have an
equal area of 3.14 arcmin?. In particular, the circle has a radius
of 60 arcsec, which corresponds to physical scales in the range
~(0.4-0.5) Mpc for the SMGs in our sample.

Second, for each region of the tessellation (the central circle
and the consecutive annuli), we counted the number of sources
with photometric redshifts within an interval of length Az and
centered at the centroid redshift, z.eniroia. We refer to Sect. 4 for a
description of the photometric redshift catalog considered. The
parameters Az and Zeenwoig Uniformly span a grid of values that
reflect the photometric redshift uncertainties and correspond to
the redshift range of our interest, respectively.

Third, for each pair (zcenwoida; Az), we mapped the galaxy
number counts into an overdensity measure that relies on the
significance, based on Poisson statistics, that the null hypothe-
sis of no clustering is rejected at the location of the SMG. For
this, we estimated the mean field density using a rectangular
control region concentric with the GOODS-N field and with a
subtended area of 50.3 arcmin®. The corresponding PPM plots
(Appendix A) show the overdensity patterns at different red-
shifts, where we further applied a Gaussian filter to eliminate
high-frequency noisy patterns. We chose a conservative smooth-
ing scale of 0.02 in redshift, on the order of or smaller than typ-
ical photometric redshift uncertainties. Overdensities along the
line of sight of the SMG were searched for by fixing the redshift
bin Az = 0.3, which roughly maximizes the overdensity signifi-
cance as it corresponds to a ~(3—5)c0 interval for high-z sources
with typical photometric redshift uncertainties of 0.02(1 + z).

Fourth, at fixed Az, a peak-finding algorithm was applied to
the PPM plot to search for overdensities around the SMGs. This

procedure relies on the Morse theory. It allows us to estimate
the significance of the overdensity, its redshift z,,, and the pro-
jected radius Rppy, which is the maximum separation from the
SMG up to which the overdensity is detected, while Nygjecteq 1S
the number of sources that contribute to the overdensity, within
the radius Rppy. Any overdensity that is located at a redshift
consistent with that of the SMG is associated with the galaxy,
as done in Castignani et al. (2014b, 2019). Multiple overdensity
associations are not excluded.

Fifth, similarly to Castignani et al. (2019), we then applied a
wavelet transform to further characterize the overdensity in the
projected space. In particular, we provide the projected miscen-
tering, 6,y, of the overdensity peak, as found with the wavelet
transform, with respect to the SMG position in the sky. We also
derived a second estimate for the overdensity size, R,,, which is
the projected radius of the overdensity as found with the wavelet
transform.

Hereafter we refer to the PPM cluster finder together with
its wavelet extension as wPPM.

4. Results

We ran the wPPM as described in Sect. 3 on the three photo-
metric catalogs presented in Sect. 2.2. As illustrated in the red-
shift distributions of Fig. 1, both L18 and B19 catalogs span
the full redshift range of our SMGs and we are thus potentially
able to detect protoclusters around them using these photo-z cat-
alogs. On the other hand, only four SMGs at the highest red-
shifts z ~ 4.05-5.30 out of 12 fall within the redshift range
of the AH18 catalog, namely, GN20, GN20.2a, HDF850.1, and
GNI10.

Table 3 summarizes the properties of the overdensities (ov)
detected with the wPPM along the line of sight of each SMG. In
particular, we report the projected coordinates of the overdensity
peak, the projected miscentering 6,, with respect to the SMG
coordinates, the estimated redshift of the overdensity (zov), the
overdensity detection significance, as well as estimates for the
overdensity richness (Ngejected) and size. In Appendix A we report
the density maps and PPM plots for all the overdensities reported
in Table 3.

4.1. Global properties of the detected overdensities

Figure 2 displays the redshift distribution of the 12 SMGs in
our sample, where we highlight with different colors the over-
densities detected using the B19, L18, and AH18 catalogs, sep-
arately. As the redshift coverage of three photo-z catalogs is not
the same, as well as the corresponding sample selections, we
do not expect to find the same overdensities in all three cata-
logs. Comparing the overdensity redshifts for the three different
photo-z catalogs we note that for both L18 and B19 catalogs the
PPM is effective in detecting overdensities over the full redshift
range spanned by the SMGs, while with the AH18 catalog we
detect overdensities only around the highest-redshift SMGs.

As shown in Table 3, there are 11 SMGs that are associated
with overdensities in at least one photo-z catalog. In particular,
in five cases, overdensities are found in B19 and L18 catalogs,
which cover the full redshift range of our SMGs. These L18 and
B19 overdensities are all at z < 4, with the exception of GN20.
Similarly, all our z > 4 SMGs appear to be in overdensities in at
least two photo-z catalogs.

Overdensities are also found around the remaining SMG
ID.03 with both the B19 and L.18 catalogs, but at lower redshifts
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Table 3. Properties of the megaparsec-scale overdensities around the SMGs.

Name Zspec (RA)oy (Dec)oy Ooy Zov Significance Nielected RppMm Ry Catalog
1 (2) (3) 4) (5) (6) (7 (8) 9) (10) (11)
SMM J123634  1.2245  12:36:48.7  62:11:32.5  120.4”  1.12+0.09 2.00 197 (164.6) 120”7 136" B19
12:36:45.7 62:11:31.2 104.4”" 1.02 + 0.07 2.10 214 (185.4) 112”7 156" B19
12:36:33.5  62:14:10.4 89.7” 1.32 £0.08 2.00 22 (11.4) 134" 67" LI18
12:36:20.3  62:11:24.3  125.7”  1.08 +0.09 2.10 29 (20.8) 1347 69" L18
1D.03 1.7844  12:37:02.5  62:12:00.8 98.2" 1.28 +0.08 370 292(232.9) 104”7 184”7 BI9™
12:37:00.3 62:11:53.6 84.4” 1.42 + 0.08 220 8(3.2) 104" 53" L18 ™
SMM J123711  1.9951  12:37:04.8 62:12:242  80.5” 1.92 +0.08 220 153 (126.5) 85" 233" B19
12:37:02.5  62:14:549  103.5” 2.29 +0.07 270 8(2.6) 104” 68" L18
SMM J123618  1.9964  12:36:21.7  62:16:20.9 37.4” 2.04 £0.05 3.00 10 (3.1) 60" 100 L18
SMM J123712 1.9964 12:37:05.7 62:12:15.3 80.4” 1.90 + 0.08 210 152 (128.5) 85" 116" B19
12:37:02.3  62:15:01.0  120.2”  2.27 +0.09 230 15 (7.5) 1347 102" L18
ID.19 2.047 12:36:59.1  62:11:54.9 56.9” 2.00 £ 0.06 2.00 54 (41.1) 60" 90” BI19®™
12:36:37.8  62:11:10.4  117.5”  1.90 + 0.06 2.00 7(2.9) 1347 66" L18 ™
SMM J123707  2.4870  12:37:13.9  62:12:44.1 96.3"” 2.40 +0.09 2.50 168 (134.9) 120”7 103" B19
12:37:10.6 62:12:50.2 81.9” 2.65 +0.09 310 197 (158.1) 120" 140" B19
12:37:029  62:15:02.3 61.8"” 2.38 +0.07 2.50 8(2.9) 85" 86" L18
SMM J123606  2.5054  12:36:09.5  62:08:53.7 94.1” 2.27 +0.08 2.60 16 (8.1) 120”7 102" L18
GN20 4.055 12:37:11.9  62:22:03.0 9.1” 4.15 +0.06 290 20 (9.7) 60" 102" B19
12:37:10.6  62:22:03.0 129”7 411 £0.02 540 5(0.06) 60" 102 L18
GN20.2a 4.051 12:37:12.7  62:22:01.7 27.4" 4.15 + 0.06 2.00 14 (13.6) 60" 122”7 BI9™
12:37:10.1 62:22:01.7 9.1” 4.12 + 0.08 5.00 6(0.12) 85” 81”7 L18
HDF850.1 5.183 12:37:03.7  62:11:55.1 87.5" 5.29 £ 0.07 2.80 24 (13.1) 104”7 137”7 AHI18
12:36:56.6  62:13:52.3 92.4"” 5.87 +0.07 3.00 15(5.2) 1207 121”7 B19®W
GN10 5.303 12:36:29.0  62:13:58.5 32.8” 5.44 £0.06 2.10 14 (7.7) 85” 162 AH18
12:36:304  62:14:19.3 234" 5.54 +0.08 270 12 (4.4) 60" 164" B19

Notes. (1-2) galaxy ID and spectroscopic redshift; (3—4) J2000 projected space coordinates of the overdensity (ov) peak as found by the wavelet
transform; (5) projected separation between the coordinates in Cols. (3—4) and those of the SMG; (6) overdensity redshift and (7) significance as
found by the PPM; (8) number of sources selected by the PPM to detect the overdensity, while between parentheses there is the corresponding
average number of sources in the survey within the overdensity area and the redshift bin of Az =~ 0.3 centered around zoy; (9—10) maximum radius
within which the overdensity is detected as found by the PPM and by the wavelet transform; (11) adopted photometric redshift catalog. ) Sources
where the estimated redshift of the overdensity is marginally consistent, that is, |Zgpec — Zov| 2 0.3, with that of the SMG. ) Sources where an

overdensity is detected when choosing a lower parameter Az = 0.2 than that used for the others (see Sect. 3).

5.0
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3 B19

4.0 1

3.0
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E AH18

0.0

Zspec

Zspec
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Fig. 2. Redshift distribution of the SMGs. The associated overdensities found using the B19 (left), L18 (center), and AH18 (right) photo-z catalogs
are highlighted with different colors. The shaded region in the right histogram indicates that there are no sources at z < 3.35 in the AH18 catalog.

than that of the SMG, and so the association with the SMG is
uncertain. Therefore, unless specified otherwise, in the follow-
ing we do not consider these overdensities around ID.03.

In three cases we found overdensities around the SMGs only
when choosing a slightly lower value, Az = 0.2, than that used
for the other overdensities (i.e., Az = 0.3; see Sect. 3). These
three overdensities are those around ID.19 (in the case of both
B19 and L18 catalogs) and GN20.2a (B19), and for our analysis
we consider them altogether with the others. However, for the
sake of clarity we highlight them in Table 3.
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In Fig. 3 we show the 3D distribution of the SMGs
and photometric redshift galaxies which are used in this
work to search for protoclusters. Fiducial overdensity mem-
bers as found by the wPPM are highlighted (see Sects. 3
and 4.4 for further details). We grouped overdensities, and their
members, around mutually close SMGs, as in Table 2 and
discussed in Sect. 2.1.4. The interactive version of Fig. 3 is
available electronically. In the following we further discuss
our detections when considering separately the three redshift
catalogs.
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Fig. 3. Distribution of the SMGs and associated protocluster galaxies in the RA, Dec, and redshift space when the B19, L18, and AH18 photometric
redshift catalogs are used for the detection of protoclusters. Small gray and colored dots always correspond to sources from the B19 catalog, which
is chosen for a better visualization as it is the largest photometric redshift catalog. Red squares show the location of the SMGs in our sample.
Colored clouds show the members of the overdensities as identified with the PPM. Protocluster members are color coded in yellow, green, and
blue according to their increasing redshift. Interactive 3D plots for all three photometric redshift catalogs are available online.

4.1.1. Barro et al. (2019)

For B19 we have eight detected overdensities around the SMGs,
including GN20, GN10, and possibly HDF850.1 at the highest
redshifts z ~ 4-5, even though for the last one the association
of the SMG with the overdensity is uncertain and not reported in
Fig. 2. As highlighted in Table 3, this is because the overdensity
is detected at a higher redshift, z,, = 5.87+0.07, than the spectro-
scopic one of the SMG, zgpec = 5.183. A similar uncertain asso-
ciation is found for ID.03 at z = 1.7844, discussed above, while
the overdensity redshift is zoy = 1.29+0.08 and z,, = 1.43+0.08
when the B19 and L18 catalogs are used, respectively.

4.1.2. Liu et al. (2018)

When using the L18 catalog nine SMGs are found in overden-
sities up to z ~ 4 (GN20-GN20.2a). However, we miss two
overdensities in .18 around the most distant SMGs GN10 and
HDF850.1, which are however detected with the other two pho-
tometric redshift catalogs (B19, AH18). At lower redshifts, we
note that the catalog has completeness issues below z = 2 (see
Fig. 4in L18). Despite this, all SMGs at z < 2 appear tobe in L18
overdensities, with some caveats, which we discuss below. The
source SMM J123711 at z = 1.9951 is associated with a ~30
overdensity at z,y = 2.29 + 0.07; therefore, the two redshifts are
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Fig. 4. Top panel: Overdensity redshift measured by the PPM (z,,) as
a function of the spectroscopic redshift of the SMG (zgpe.). We refer to
the legends at the top left and bottom right for the symbols and the color
code used for the different SMGs and photo-z catalogs. Bottom panel:
Redshift residuals as a function of zgp..

marginally consistent with each other, |zoy — Zspecl/(1 + Zspec) =
0.10. Similarly, in the case of ID.03, discussed just above, the
association in redshift between the SMG and the overdensity is
uncertain, with |zoy — Zspecl/(1 + Zspec) = 0.14.

4.1.3. Arrabal Haro et al. (2018)

Out of the four distant SMGs that fall in the z ~ 3.35-6.8
redshift range of AHIS8, overdensities are detected around
HDF850.1 and GNI10, separately. No overdensity is detected
for the other high-z SMGs GN20 and GN20.2a using AH18.
Nonetheless, Arrabal Haro et al. (2018) reported a redshift peak
of their ultraviolet-selected galaxies at the redshift of GN20 and
GN20.2a. Furthermore, as discussed in Sect. 2.1.4, Daddi et al.
(2009) found a spectroscopic overdensity around the two com-
panion SMGs at z = 4.05 and we similarly find high signal-to-
noise overdensities when using the L18 and B19 catalogs (see
Table 3). We double-checked the AH18 catalog and found that
the SMGs GN20 and GN20.2a are located at the edge of the
footprint of the photo-z catalog, which prevents us from detect-
ing the overdensity, given the circular PPM tessellation of the
projected space. A more accurate treatment of edge effects will
be implemented in a forthcoming upgrade of the PPM.

4.2. Multiple associations

As listed in Table 3, for a given photo-z catalog, most SMGs
have at most one associated overdensity. However, in two cases,
namely the SMGs SMM J123634 and SMM J123707, there
are multiple overdensities that are detected when using the
L18 and B19 catalogs. These correspond to distinct overden-
sity peaks in the PPM plots at redshifts that are formally con-
sistent with that of the SMG (see Appendix A, where the
PPM plots are reported). Similar multiple associations were dis-
cussed in our previous studies, Castignani et al. (2014b, 2019),
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where we looked for overdensities around distant radio galax-
ies. Altogether, for a given photometric redshift catalog (B19
or L18), the multiple overdensities reported for SMM J123634
and SMM J123707, separately, have similar properties in terms
of significance, size, projected coordinates, and thus miscenter-
ing 6,, (see the density maps in Appendix A). These aspects
suggest that these multiple peaks correspond to the same
overdensity that is fragmented at different redshifts by the
PPM procedure. This behavior is not uncommon for distant
(proto)cluster finders, especially in the regime of low number
counts.

4.3. Overdensity redshift accuracy

We now compare the SMG spectroscopic redshifts with those of
the overdensities detected by the wPPM using photometric red-
shifts of galaxies. Figure 4 (top) shows the redshifts of the over-
densities, estimated with the PPM using the B18, 18, and AH18
photo-z catalogs, which are plotted against the spectroscopic red-
shifts of the SMGs. In the bottom panel we show the residu-
als. The SMG redshifts agree well with our estimates obtained
with the PPM for the overdensities. We found indeed an accu-
racy of o((Zov — Zspec)/(1 + Zspec)) = 0.043 and a negligible bias
(Zov = Zspec) = 0.034, on average, which is competitive with the
typical photometric redshift accuracy of distant galaxies (e.g.,
in COSMOS, Weaver et al. 2022) and distant protoclusters (e.g.,
Brinch et al. 2023). The best accuracy is remarkably found for
the overdensities around the most distant SMGs at z ~ 45, for
which we have (zov — Zspec)/ (1 + Zgpec) between 0.019 and 0.038.
These results show that the wPPM is thus effective in recovering
well the redshifts of the overdensities, all over the entire broad
redshift range covered by the SMGs.

4.4. Structural properties of the overdensities

We next used the parameters measured by the wPPM to char-
acterize the structural properties of the detected overdensities.
As further described in Sect. 3, one key quantity is Rppym, Which
is the projected size of the overdensity measured as an angu-
lar separation from the SMG. We use R,, to denote the pro-
jected size of the overdensity as found by the wavelet trans-
form. In this case, a miscentering 6,, between the SMG and the
wavelet-based overdensity peak is determined. Another impor-
tant quantity is the number of galaxies (Nyectea) With projected
separations of less than Rppy from the SMG and with redshifts
within (zoy — AzZ/2;Zov + Az/2), Where z,y is the estimated red-
shift of the protocluster and Az = 0.3 (see Sect. 3). For a
given photo-z catalog, Ngected 1S thus a proxy for the richness
of the detected overdensity. In Table 3 we report these quanti-
ties for all overdensities associated with the SMGs. In the fol-
lowing we discuss the mutual dependence of these overdensity
properties.

4.4.1. Richness

Overdensities detected using the B19 catalog show the highest
richness, at fixed SMG, up to values of Ngjecea = 200, while
much lower values Ngjectea = 10-30 are found for the over-
densities detected with the L18 or AH18 catalogs. This is not
surprising, as the B18 catalog contains ~(10-20) times more
sources than both L18 and AH18 samples (see Sect. 2.2). Fur-
thermore, we find that when we use the B19 catalog the over-
densities associated with lower-redshift SMGs in our sample
(i.e., z < 2.5) are 60-70% richer (~150-200) in members
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Fig. 5. Overdensity core sizes in comoving units (top panel) and physi-
cal units (bottom panel) as a function of overdensity redshifts estimated
by the PPM. The solid black lines show the evolution with redshift of
the comoving (top) and physical (bottom) core sizes that correspond to
an angular aperture of 60 arcsec. Different colors and symbols refer to
the different photometric redshift catalogs used to detect the overdensi-
ties, as illustrated in the legend.

than those located at higher redshifts. This behavior is expected
as indeed the photometric redshift catalog is flux-limited and
thus galaxy number densities decrease from lower to higher-
redshift protoclusters. To some extent, the behavior can be
also explained by the fact that at lower-z we are looking at a
significantly more advanced stage of cluster formation, while
at higher-z the overdensity cores embedded in the large-scale
protocluster structures are less overdense and in the phase of
assembly.

4.4.2. Size and redshift

In Figs. 5 and 6 we compare relevant quantities estimated with
the wPPM for the different overdensities. For each SMG, in the
case of multiple overdensity associations (see Sect. 4.2), we con-
sidered only the one closer to the SMG redshift. Figure 5 dis-
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Fig. 6. Projected separation between the SMG coordinates and the over-
density peak as found by the wavelet transform of wPPM as a function
of the estimated richness (top) and redshift (bottom) of the overdensity.
The vertical line at z,, > 4 in the bottom panel is used to indicate the
possible transitioning phase in the protocluster galaxy population. The
color coding is the same as in Fig. 5.

plays the overdensity size (in comoving and physical unit) as a
function of the overdensity redshifts estimated with the PPM,
for all all three photo-z catalogs. We overplot as solid lines the
projected radius that corresponds to the minimum size allowed
by the PPM tessellation of the projected space and equal to
60 arcsec. For the sake of simplicity we report only the Rppym
values. We verified indeed that our results do not change when
R, is instead plotted. Ultimately, this is because the relative
median difference between Rppy and R,, is somehow limited
and equal to R,/Rppm — 1 = 0.15f8'22, where the reported
uncertainties correspond to the 68% confidence interval.
Altogether, the estimated overdensity sizes range between
(1.5-4) Mpc (comoving) as well as between (0.4-1.0) Mpc
(physical), quite independently of the redshift. We stress that
these values are those associated with protocluster cores,
while the total extent of large-scale protoclusters can reach
(20-30) Mpc (physical, Muldrew et al. 2015; Casey 2016).
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These results further highlight the capability of the PPM in
detecting megaparsec-scale overdensities around the SMGs,
likely associated with the cores of larger-scale protoclusters.

4.4.3. Miscentering between the SMG and the overdensity
peak.

Figure 6 shows instead the projected miscentering 6,, between
the SMG and the overdensity peak as found with the wavelet
transform, as a function of both the estimated overdensity rich-
ness Ngelected @and the overdensity redshift zoy. Interestingly, Oy
has a broad range of values, from negligible offsets up to sepa-
rations of ~1 Mpc (physical). Any clear trend of 6, is observed
neither with Ngejecteq NOT With zgy.

However, we do find evidence that the lowest 6, <
0.4 Mpc are preferentially associated with low richness over-
densities (Ngelected < 20). The majority of the detected over-
densities have instead larger 6,, =~ (0.4—1.0) Mpc, and all
rich overdensities (Ngectea = 20) have such large 6,, val-
ues. These results suggest that, in the cases of large 8,,, either
the SMG is located in the outskirts of the overdensity core or
that, in the megaparsec-scale surroundings of the SMG, there
exists another, more overdense region that is found with the
wavelet analysis. Visual inspection of the overdensity density
maps in Appendix A indeed suggests that the morphology of
the large-scale protoclusters is complex. In some cases (e.g.,
GN10, GN20, and GN20.2a) they have compact morpholo-
gies, similarly to CL J1001+0220 at z = 2.51 in the COS-
MOS field Wang et al. (2016). In other cases (e.g., HDF850.1,
SMM 71123634, SMM J123606, SMM J123618, SMM J123707,
SMM J123711, and SMM J123712) our detected overdensi-
ties have evidence for large-scale filamentary or clumpy struc-
tures, as typically found in still-assembling protoclusters such as
SSA22 at z = 3.09 (Steidel et al. 1998; Umehata et al. 2019), the
Spiderweb at z = 2.16 (Jin et al. 2021), and Hyperion at z = 2.45
(Cucciati et al. 2018). These overdensities with nontrivial mor-
phology represent a piece of indirect evidence for the complex
dynamical state of the associated protoclusters, which are indeed
non-relaxed structures.

Altogether, the measured miscentering values correspond to
only a small fraction of the total extent of protoclusters, as
they have overall sizes of 10-20 Mpc (physical; e.g., Jin et al.
2021). Some of our SMGs could still be potentially associ-
ated with brightest cluster galaxies as indeed found in previous
studies (Emonts et al. 2013; Zhou et al. 2020). However, as out-
lined in Sect. 2.1.4, different SMGs may be associated with the
same structure, so the identification of the proto-brightest cluster
galaxies among the SMGs in our sample is not straightforward.

4.5. Protoclusters beyond z = 4
4.5.1. Megaparsec-scale overdensities and morphology

We now discuss in more detail the overdensities around the most
distant SMGs, namely the GN20-GN20.2a pair (z = 4.05),
HDF850.1 (z = 5.183), and GN10 (z = 5.303). As further out-
lined above, megaparsec-scale overdensities are detected around
them at redshifts consistent with those of the SMGs. These
SMGs are thus likely associated with large-scale protoclusters
close to the epoch of reionization, which are excellent targets for
the James Webb Space Telescope (JWST) and next generation
spectrographs.

Figure 7 displays the PPM plots (left) and density maps
(right) for the overdensities around the three SMGs, when using
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Fig. 7. PPM plots (left) and density maps (right) of protoclusters
detected around z > 4 SMGs using the AHI18 (top), B19 (center),
and L18 (bottom) catalogs. Left: PPM plots for HDF850.1, GN10, and
GN20. The vertical solid lines show the SMG spectroscopic redshifts.
Colored dots refer to significance levels >20 (cyan), 30~ (green), 40
(blue), 50 (red), 60 (brown), and 70 (black). Right: Gaussian density
maps for the overdensities, centered at the projected space coordinates
of the SMGs. The solid black and dashed red circles are centered at the
projected space coordinates of the SMGs. The former have a (physical)
radius of 1 Mpc, estimated at z,,, while the latter, with a radius Rppp,
denote the region within which the PPM detects the overdensity. The
dotted-dashed green circle is centered at the peak of the detection as
found by the wavelet transform and has a radius R,,.

the AH18, B19, and L18 catalogs, for HDF850.1, GN10, and
GN20, respectively. The PPM plots show clear overdensity pat-
terns at the redshift of the SMGs. Patterns at lower and even
higher (z ~ 6) redshifts than the SMGs are also visible. These
correspond to foreground and background overdensities. All
three photo-z catalogs used in this work are thus effective in
detecting protoclusters at the highest redshifts.

The right panels of Fig. 7 instead show the density maps
centered around the SMG coordinates. As pointed out also in
Sect. 4.4, the morphology of these high-z overdensities appear
heterogeneous. Several overdensity peaks are present around the
SMGs. However, while GN10 and GN20 appear to be co-spatial
with the overdensity with the highest significance in their field,
the large-scale structure overdensity around HDF850.1 is more
complex, with multiple peaks detected and a substantial miscen-
tering of ~90 arcsec (~570 kpc) between the SMG and the most
prominent overdensity peak in the southeast.
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Interestingly, Calvi et al. (2021) performed a spectroscopic
campaign of this overdensity and found a multicomponent sys-
tem, similarly to what we find with the wPPM analysis of this
work. They found that the overall structure is extended over
700 arcsec in projection (i.e., 4.4 Mpc) and presents a density
enhancement located 200 arcsec (i.e., 1.3 Mpc) to the northeast
of the SMG HDF850.1. This density enhancement is seen also
in the density map of Fig. 7, while we additional probe another
strong overdensity peak with a separation of 3 arcmin to the west
of the SMG.

4.5.2. A transition epoch at z > 4 for the protocluster galaxy
population

Interestingly, the two SMGs at the highest redshifts, z ~ 5
(i.e., HDF850.1 and GN10), are both found in overdensities only
when the AH18 catalog is used. The other two photo-z catalogs
(L18, B19) are less effective in finding the associated overden-
sities. Using the L18 catalog, which primarily includes Herschel
sources, we do not find any of the two overdensities, while with the
B19 photo-z we are able to detect the overdensity associated with
GN10, and that around HDF850.1 is more uncertain, as the PPM
detects an overdensity at a higher redshift than the SMG. Given
these results, we speculate that we possibly witness a transitioning
phase in the protocluster galaxy population at z > 4. Protoclusters
at z < 4 are well detected with the B19 and L18 catalogs, which
were built also using FIR data, including from Herschel. There-
fore, the galaxy populations of these protocluster likely contain a
number of dusty star-forming galaxies, in addition to the SMGs.
On the other hand, the AH18 photo-z catalog, thanks to which we
detect the highest-redshift protoclusters, contains only LAEs and
LBGs. One interpretation is that protoclusters around SMGs at
Z < 4, thus around the peak of the cosmic SFR density, are rich
in dusty galaxies, while z > 4 protoclusters are likely populated
by less dusty galaxies, which appear as LAEs or LBGs (see also
Fig. 6, bottom panel, for a schematic classification). Nevertheless,
it is necessary to exercise caution in accepting this explanation
outright, and further investigation with large samples is needed to
firmly confirm the proposed scenario.

These results are in agreement with those by Malavasi et al.
(2021). By studying the galaxy population of a protocluster at
z = 4 traced by LAEs, they showed that lower-redshift LAEs are
on average significantly dustier than their counterparts at higher
redshifts, which supports our proposed scenario for z > 4 being a
transitioning epoch for the protocluster galaxy population. Simi-
larly, we note that Calvi et al. (2021) recently performed a spec-
troscopic campaign targeting the protocluster around HDF850. 1
and found that, beside HDF850.1, none of the confirmed mem-
bers are bright in the FIR/(sub)millimeter wavelength range.
Likewise, Daddi et al. (2009) detected the GN20-GN20.2a pro-
tocluster as an overdensity of B-band dropout LBGs. Overall,
these independent results support our proposed scenario that
z 2 4 corresponds to a transitioning epoch for the protocluster
galaxy population.

4.6. SMG molecular gas masses and the overdensities

One of the main goals of this work is to test whether SMGs are
tracers of protoclusters. Therefore, in order to investigate the
possible physical interplay between the SMGs and their large-
scale environments in Fig. 8 we plot the molecular H, gas mass
of the SMGs in our sample as a function of the associated over-
density significance, as found with the PPM. In the case of multi-
ple detections for a given SMG, we averaged the different values
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Fig. 8. Molecular H, gas mass for each SMG in our sample versus the
average overdensity significance (in units of o) of the associated over-
density. The points are colored according to the SMG redshift, and dif-
ferent symbols refer to different SMGs. The shaded area highlights the
minimum overdensity significance (= 2) that is adopted throughout this
work.

obtained with the photo-z catalogs used in this work, listed in
Table 3.

Remarkably, we do observe a good correlation between My,
and the significance of the detected overdensity. The Pearson and
Spearman tests tell us that the probability that the null hypoth-
esis (i.e., no correlation) is rejected is at a level of 3.70- and
2.60, respectively (i.e., p-value = 2.36 x 10™* and 9.76 x 1073).
Furthermore, the highest values of My, =~ 10'' M and high-
est overdensity significance are found in the case of the highly
star-forming companions GN20 and GN20.2a at z ~ 4.05, which
have high FIR luminosities typical of HyLIRGs (see Sect. 2.1).
This result was not predictable a priori as indeed high-z overden-
sities are associated with lower number counts of galaxies than
those at lower redshifts and thus in principle more difficult to
detect with a high significance.

Altogether, as pointed out in Sect. 2.1.2, our SMGs have,
on average, the high SFRs and FIR luminosities typical of
ULIRGs, which are often associated with gas-rich merg-
ers (e.g., Sanders & Mirabel 1996; Downes & Solomon 1998;
Gengzel et al. 2001). Altogether, given the overall stellar and gas
properties of the SMGs, we interpret the My, versus overden-
sity significance correlation as a result of the fact that the SMGs
that live in the strongest overdensities are also those that experi-
enced most the interaction with the companions, as it may be
the case for the GN20-GN20.2a pair. This interaction likely
triggered gas infall and high levels of gas content and star
formation in the SMGs (see, e.g., Castignanietal. 2018;
Noble et al. 2019, for similar examples of distant gas rich galax-
ies in dense environments). Galaxy mergers are indeed often
associated with ULIRGs and high levels of IR luminosities
210'? L as for example in local major merging gas-rich pairs
such as the Antennae Galaxies (Gao et al. 2001; Ueda et al.
2012; Whitmore et al. 2014).

4.7. Are SMGs good tracers of protoclusters?

In Table 4 we present the outcome of our analysis and summa-
rize the list of overdensities that we detected with the wPPM
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Table 4. Overdensities around GOODS-N SMGs.

Name Zspec Known B19 L18 AHI18  Success rate
(1) (2) (3) 4) (5) (6) (N
SMM J123634  1.225 Yes Yes - 2/2
1D.03 1.784 Possible  Possible - 0/2
SMM J123711  1.995 Yes Yes Yes - 2/2
SMM J123618 1.996 Yes No Yes - 1/2
SMM J123712  1.996 Yes Yes Yes - 2/2
ID.19 2.047 Yes Yes - 2/2
SMM J123707  2.487 Yes Yes - 2/2
SMM J123606  2.505 No Yes - 1/2
GN20 4.055 Yes Yes Yes Edge 2/2
GN20.2a 4.051 Yes Yes Yes Edge 2/2
HDF850.1 5.183 Yes Possible No Yes 1/3
GN10 5.303 Yes No Yes 2/3

Notes. Columns: (1) source ID; (2) CO-based spectroscopic redshift; (3) known overdensity flag; (4-6) PPM detection flags using the three photo-
z catalogs used in this work (yes=secure detection; possible=detection with an uncertain association of the overdensity with the SMG; no=no
detection with a significance >20); (7) overdensity success rate among the photo-z catalogs used. The dashed line in Col. (6) indicates that the
source is outside the redshift range of the AH18 photo-z catalog, while edge denotes that the source is located at the edge of the AH18 survey

footprint.

around the SMGs. Secure overdensity detections associated with
the SMGs are indicated as “yes,” non-detections as “no,” and ten-
tative detections as “possible” when the estimated redshift of the
overdensity is only marginally consistent with that of the SMG,
that is, the absolute value of the difference between the two is
>0.3. We also denote both GN20 and GN20.2a as “edge” in Col.
(6) because they are located at the edge of the AH18 survey foot-
print.

As outlined in Sect. 2.1.4, some SMGs do belong to the
same known overdensities as they are close to each other both
in redshift and in projected coordinates. These are the triplet
SMM J123711, SMM J123618, and SMM J123712 as well as
the GN20-GN20.2a pair. For these sources, we obtain similar
results when looking for overdensities in the three photo-z cata-
logs used in this work. The only exception is SMM J123618, for
which we find an overdensity only in the L.18 catalog, at variance
with SMM J123711 and SMM J123712, for which overdensities
are found both in B19 and L18.

In the case of the SMG ID.03, an overdensity is detected
both in the B19 and AH18 photometric redshift catalogs but at
a lower redshift; thus, we classified these overdensities as pos-
sible. Interestingly, the source ID.03 is the only SMG in our
sample that is not associated with an overdensity in at least
one of the three photometric redshift catalogs. ID.03, as well as
ID.19 for which we detect a relatively poor 20~ overdensity, have
the lowest gas masses My, =~ (1 —2) X 100 M, among those
reported in Table 1 for our SMG sample. These relatively low H;
gas masses imply that the two sources may not be true SMGs,
that is, with strong dust-continuum emission and high molec-
ular gas content. Furthermore, the two sources are not clearly
detected in several CO(J — J-1) lines, as it is often the case
for SMGs. Indeed, ID.19 has been detected in CO(3—2) only
(Decarli et al. 2014), while ID.03 has relatively low-J detections
by Decarli et al. (2014) and Boogaard et al. (2023) in CO(1—0)
(tentative), CO(2—1), and CO(4—3).

Altogether, for 11 out of 12 SMGs we detect an overden-
sity in at least one of the three photometric catalogs. This corre-
sponds a success rate of 92% + 8%, where we report the average
value as well as the root mean square uncertainty derived using
the binomial distribution (see, e.g., Castignani et al. 2014Db).

AlS, page 12 of 22

When grouping the above mentioned SMGs that likely belong to
the same parent protoclusters we find eight overdensities, while
we recover all three previously known protoclusters. We thus
more than double the number of known overdensities physically
associated with SMGs in the GOODS-N field.

Interestingly, while we find a high fraction (92%) of SMGs in
protoclusters, with a similar PPM-based search, Castignani et al.
(2014b) found a lower fraction of ~70%, when considering
instead distant radio galaxies at z ~ 1-2 in the COSMOS field,
which suggests that bright SMGs may be better tracers of proto-
cluster cores. We stress, however, that this comparison relies on
different data sets and should be taken with caution, considering
in particular the advent of forthcoming low-frequency radio sur-
veys, for example with the Square Kilometer Array, which will
enable the detection of distant radio-loud active galactic nuclei
and radio galaxies down to the lowest radio powers.

In Table 4 (Col. 7) we report the overdensity success rate
over all three considered photo-z catalogs. We find that the vast
majority of the SMGs are found in overdensities with the B19 (8
out of 12 SMGs), L18 (9 out of 12 SMGs), and AH18 (2 out of 3
SMGs) catalogs, separately, where we took under consideration
the fact that the AH18 catalog does not have sources at z < 3.35.
These results correspond to similar success rates of 67%, 75%,
and 67% for the three photo-z catalogs, respectively.

We stress here that PPM overdensities are detected
down to 20 significance, similarly to our previous studies
(Castignani et al. 2014a,b, 2019). This is not unusual as indeed
distant megaparsec-scale overdensities within larger-scale proto-
clusters are often characterized by low number counts and thus
possibly detected with relatively low significance by the PPM.
A notable example is the overdensity around COSMOS-FRI 03,
which was detected by the PPM at z,, = 2.39 = 0.09 with a
2.50 significance (Castignani et al. 2014b), and later spectro-
scopically confirmed at z = 2.45 (Diener et al. 2015). Another
case is the 2.80 PPM overdensity at z,, = 2.65 + 0.04 that
Castignani et al. (2019) found around the spectroscopically con-
firmed COSMOS-FRI 70 radio galaxy (z = 2.625). Interest-
ingly, if we limit ourselves to a higher significance threshold
of >2.50 and >30, we find only a marginally lower number of
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overdensities, six and four, respectively, compared to the eight
recovered using the 20 limit of this work; the three previously
confirmed protoclusters in our sample (Chapman et al. 2009;
Daddi et al. 2009; Walter et al. 2012) are all detected at >30 by
the PPM with a least one photo-z catalog. Altogether, we expect
the PPM overdensities reported in this work to have total masses
greater than ~10'> M, which is what Castignani et al. (2014b,
see their Sect. 8.7.1) found by cross-matching the PPM overden-
sities with catalogs of distant groups in COSMOS with available
mass estimates.

5. Summary and conclusions

In this paper we have employed the PPM along with its wavelet-
based extension (wWPPM; Castignani et al. 2014a, 2019) to carry
out a detailed statistical analysis of the megaparsec-scale envi-
ronments of distant SMGs. More specifically, we applied the
wPPM to search for protoclusters around a sample of 12 spec-
troscopically confirmed SMGs at z ~ 1.2-5.3 in the GOODS-
N field using three photometric redshift catalogs independently.
The main results of this analysis can be summarized as follows:

— Of the 12 SMGs in our sample, 11 (i.e., 92% + 8%) are phys-
ically associated with megaparsec-scale overdensities. Alto-
gether, these ten SMGs belong to eight overdensities. Three
of them are previously known protoclusters, and we detect
five new protoclusters between z ~ 1.2 and 5.3. We have
thus doubled the number of known overdensities physically
related to SMGs in the GOODS-N field. The detection rates
for each of the three photometric catalogs range between
67% and 75%. By comparison with the spectroscopic red-
shifts (zgpec) Of the SMGs, we find that the redshifts of the
detected overdensities (zoy) are well recovered, with an accu-
racy of o((zov — Zspec)/(l + Zspec)) =0.043.

— A wavelet-based analysis of the protocluster fields shows
that the majority of the detected overdensities have separa-
tions of (0.4—1.0) Mpc between the SMG and the overden-
sity peak. Therefore, the SMGs do not always reside in the
most overdense peak of the protocluster. They live in pro-
tocluster cores or overdensities that have an average size of
~(0.4—1) Mpc and are characterized by a complex morphol-
ogy (compact, filamentary, or clumpy).

— We find a good correlation between the molecular (H,) gas
mass of the SMGs and the overdensity detection signifi-
cance. We interpret this correlation as a result of the fact
that the SMGs that live in the strongest overdensities are also
those that experienced the most interaction with their com-
panions. This interaction likely triggered gas infall and high
levels of gas content and star formation in the SMGs.

— We speculate that we are possibly witnessing a transitioning
phase at z ~ 4 for the galaxy population of protoclusters.
While z < 4 protoclusters appear to be mostly populated
by dusty galaxies, those at higher z are mostly detected as
overdensities of LAEs or LBGs. However, it is essential to
approach this interpretation with caution. Further studies on
larger samples are needed to validate and expand upon these
findings and would ultimately provide a more solid founda-
tion for drawing definitive conclusions.

The analysis and results presented in this paper support the sce-
nario that SMGs are excellent signposts of protoclusters. We
stress that this result was made possible thanks to the use of (i)
spectroscopically confirmed SMGs, (ii) good photometric red-
shifts for the sources in the field of the SMGs themselves, and
(iii) a specific method, that is, the wPPM, which is tailored to

find overdensities around specific tracers in the regime of low
galaxy number counts and shot noise. This is at variance with
previous studies, which used mostly photometrically selected
SMGs, that did not find a high fraction of SMGs in overdensities
(Alvarez Crespo et al. 2021; Gao et al. 2022)

Altogether, the protoclusters presented in this paper are
excellent targets for ongoing facilities such as JWST. Fur-
thermore, the advent of infrared facilities such as JWST
(Laporte et al.  2022; Morishitaetal. 2023) and Euclid
(Euclid Collaboration 2022), as well as next-generation
wide-field spectrographs such as MOONS (Cirasuolo et al.
2020), will provide an unprecedented leverage to constrain
galaxy evolution in assembling protoclusters, which makes the
present work a benchmark for future studies with larger samples
of SMGs and protoclusters than those considered in this work.
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Appendix A: PPM results

In Figs. A.1, A.2, and A.3 we report the PPM plots and density
maps for all overdensities reported in Table 3 when using the
B19, L18, and AH18 catalogs, respectively. We refer to Sect. 3
and our previous studies (Castignani et al. 2014a,b, 2019) for
details about these wPPM outputs.

The left panels show the PPM plots where the overdensity
patterns at different redshifts along the line of sight of each SMG
are displayed. In each plot the vertical solid line shows the SMG
spectroscopic redshift. Colored dots refer to significance levels

> 20 (cyan), 30 (green), 40 (blue), So (red), 60 (brown), and
7o (black).

The right panels display the Gaussian density maps cen-
tered at the projected coordinates of the SMGs. The pixel size is
1/16 Mpc while the Gaussian kernel has o = 3/16 Mpc. Sources
with photometric redshifts between z,,—Az/2 and z,,+Az/2 were
considered to produce the maps. The values of z,y are reported in
Table 3, while Az = 0.3 except for ID.19 (for B19 and Li 8 cata-
logs) and GN20.2a (B19 catalog), for which we chose Az = 0.2
(see Table 3). The solid black and dashed red circles are cen-
tered at the projected coordinates of the SMG. The former have a
(physical) radius of 1 Mpc, estimated at z,,, while the latter, with
a radius Rppy;, denote the region within which the PPM detects
the overdensity. The dotted-dashed green circle is centered at the
peak of the detection as found by the wavelet transform and has
aradius R,,.

AlS, page 15 of 22



Calvi, R., et al.: A&A 678, A15 (2023)

Field of SMM J123634+621241
Zoy=1.12%0.09

4_
Z
208
3
k=
1.5 ‘M
o
©
(o}
1.0—o
8
SMM J123634+621241 '7':,'
0.5 g
0.41 ‘g
0.0
0.3 —4
: Relative Coordinates (arcmin)
< 0.2 1
H
0.14 Field of SMM J123634+621241
A Zov=1.12%0.09
0.0 =
. . . . . . 202
1 2 3 4 5 6 5 g
Zcentroid k=
- ‘ 1.5
o
01/ 2
l' 1.0—o
i . IS
_2 1\ - —
4w 05 ¢
‘\ — /‘/ 8
=}
-4 0.0
4 2 0 -2 -4
Relative Coordinates (arcmin)
1D03 Field of ID03
M 4 Zoy = 1.28+0.08
0.4 =S
i . - 1752
036 = 2175 L 1.50 8
T = =
N £ 1.25 —g
0.2 EH : 04 1.00 g
i E 0.75 g
0115 % ) 0.50 %
0.25 E
0.0 : g
T T T T T -4 0.00
1 2 3 4 5 6 0 -2 -4
Zcentroid Relative Coordinates (arcmin)
SMM J123711+621325 Field of SMM J123711+621325
i - — Zoy =1.92%0.08
0.4 = = H 2.00 >
= = H R
= = H 1.75 g
0317 By == 3 1.50 £
= = : ’ v
Yo2f E|.E 125
’ H = 1.00 &
s = g
0.11 H — 0.75 §
= 0.50 ©
0.01 0.25 §
. , , . , 0.00
1 2 3 4 5 6 2 0 -2
Zcentroid Relative Coordinates (arcmin)

Fig. A.1. PPM plots (left) and density maps (right) for the SMGs and corresponding overdensities found using the B19 photo-z catalog. See the
text for details about the color coding.
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Fig. A.1. continued.
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Fig. A.2. PPM plots (left) and density maps (right) for the SMGs and corresponding overdensities found using the .18 photo-z catalog. See the
text for details about the color coding.
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Fig. A.2. continued.
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Fig. A.2. continued.
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Fig. A.3. PPM plots (left) and density maps (right) for the SMGs and corresponding overdensities found using the AH18 photo-z catalog. See the
text for details about the color coding.
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