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ABSTRACT

Context. Galaxy clusters in the local universe descend from high-redshift overdense regions known as protoclusters. The large gas
reservoirs and high rate of galaxy interaction in protoclusters are expected to enhance star-formation activity and trigger luminous
supermassive black-hole accretion in the nuclear regions of the host galaxies.

Aims. We investigated the active galactic nucleus (AGN) content of a gas-rich and starbursting protocluster at z = 4.002, known as the
Distant Red Core (DRC). In particular, we search for luminous and possibly obscured AGN in 13 identified members of the structure,
and compare the results with protoclusters at lower redshifts. We also test whether a hidden AGN can power the Ly« blob (LAB)
detected with VLT/MUSE in the DRC.

Methods. We observed all of the identified members of the structure with 139 ks of Chandra ACIS-S imaging. Being less affected by
absorption than optical and IR bands, even in the presence of large column densities of obscuring material, X-ray observations are the
best tools to detect ongoing nuclear activity in the DRC galaxies.

Results. We detect obscured X-ray emission from the two most gas-rich members of the DRC, named DRC-1 and DRC-2. Both of
them are resolved into multiple interacting clumps in high-resolution Atacama Large Millimeter Array and Hubble Space Telescope
observations. In particular, DRC-2 is found to host a luminous (L,_jgey ~ 3 X 10¥ ergs™ ) Compton-thick (Ny 2 10**cm™2)
quasar (QSO) candidate, comparable to the most luminous QSOs known at all cosmic times. The AGN fraction among DRC
members is consistent with results found for lower redshift protoclusters. However, X-ray stacking analysis reveals that super-
massive black hole (SMBH) accretion is likely also taking place in other DRC galaxies that are not detected individually by
Chandra.

Conclusions. The luminous AGN detected in the most gas-rich galaxies in the DRC and the widespread SMBH accretion in the other
members, which is suggested by stacking analysis, point toward the presence of a strong link between large gas reservoirs, galaxy in-
teractions, and luminous and obscured nuclear activity in protocluster members. The powerful and obscured QSO detected in DRC-2
is likely powering the nearby LAB detected with VLT/MUSE, possibly through photoionization; however, we propose that the diffuse
Lya emission may be due to gas shocked by a massive outflow launched by DRC-2 over a #10kpc scale.

Key words. galaxies: active — galaxies: high-redshift — quasars: general — quasars: supermassive black holes — galaxies: starburst —
X-rays: galaxies

1. Introduction universe to reside in galaxy clusters (e.g., Smith et al. 2008).

Present-day galaxy clusters are descendants of these overdense
Galaxy evolution is widely recognized to be strongly affected by regions, known as “protoclusters”, at z = 2 (Overzier 2016,
environment. Galaxy growth at high redshift is enhanced in high- and references therein). The number of known protoclusters,
density regions (e.g., Kauffmann 1996; De Lucia et al. 2006), and thus our knowledge of the early phases of cluster formation
causing the most massive and evolved spheroids in the local and evolution, is still limited. Different approaches have been
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used to select such structures. Wide-field spectroscopic surveys
allowed the detection of protoclusters as 3D overdensities of
galaxies (e.g., Steidel et al. 2000, 2005; Cucciati et al. 2014). A
similar approach adopts photometric preselection (e.g., exploit-
ing the Lyman dropout technique or high-quality photometric
redshifts) of galaxy candidates at a given redshift in multiwave-
length surveys, and subsequent spectroscopic follow-up (e.g.,
Chiang et al. 2014; Toshikawa et al. 2016). At high redshift,
narrow-band imaging has been used to discover overdensities
of Lya emitters (Ouchi et al. 2005; Higuchi et al. 2019). Finally,
galaxy overdensities have been detected around objects expected
to trace highly biased regions of the universe, such as power-
ful radio galaxies (e.g., Pentericci et al. 2000; Venemans et al.
2002; Overzier et al. 2008; Gillietal. 2019), QSOs up to
z = 6.3 (e.g., Balmaverde et al. 2017), and Ly« blobs (LABs;
e.g., Prescott et al. 2008; Badescu et al. 2017). All of these meth-
ods rely on the detection of optical and UV continuum emission
and emission lines in protocluster galaxies.

Since galaxy and supermassive black hole (SMBH) growth
are strongly related (Kormendy & Ho 2013, and references
therein), investigating the effects of environment on SMBH
growth at high redshift is necessary to obtain a complete picture
(see, e.g., Brandt & Alexander 2015, and references therein).
In addition, nuclear activity produces both mechanical and
radiative feedback, which is necessary to explain several obser-
vational findings, such as the possible enhancement of star-
formation activity in protocluster members (e.g., Gilli et al.
2019), the efficient quenching of star formation in clusters (espe-
cially in the most massive galaxies), and the presence of shocked
hot gas, detected as “cavities” in the cluster extended X-ray
emission (e.g., Fabian 2012; Overzier 2016, and references
therein).

Several studies in the X-ray band, although limited by poor
source statistics, have found enhanced active galactic nucleus
(AGN) activity in massive protoclusters at 2 < z < 3 with
respect to the field environment (e.g., Pentericci et al. 2002;
Lehmer et al. 2009b, 2013; Digby-North et al. 2010). Strikingly,
this is the opposite of what is found for galaxy clusters in
the local universe (e.g., Kauffmann et al. 2004; Eastman et al.
2007; Martini et al. 2006, 2009, 2013; Ehlert et al. 2014). This
behavior is similar to the reversal of the relation between star-
formation rate density and environment from the distant to the
local universe (e.g., Elbaz et al. 2007; Brodwin et al. 2013). A
possible explanation is that unvirialized, overdense regions at
high redshift provide both the large reservoirs of cold gas and
the mechanisms (mergers and galaxy encounters) to drive this
gas into the SMBH potential well and trigger nuclear accretion,
while SMBH accretion is prevented in the virialized structures at
low redshift (e.g., van Breukelen et al. 2009). Pushing the study
of AGN in protoclusters to earlier cosmic times would thus pro-
vide a key insight into the connection between SMBHs, host
galaxies, and their environment.

At high redshift, the availability of large gas reservoirs is also
expected to trigger intense star-formation activity in the galax-
ies residing in overdense regions, as is often observed in proto-
cluster candidates (e.g., Capak et al. 2011; Umehata et al. 2015,
2019; Kubo et al. 2019). Starbursting galaxies, often identified
as dusty star-forming galaxies (DSFGs; e.g., Hodge & da Cunha
2020) or sub-mm galaxies (SMGs), represent a short but key
phase in galaxy evolution, possibly resulting from “wet” (i.e.,
gas-rich) merger events. In the framework of BH-galaxy coevo-
lution scenarios (e.g., Hopkins et al. 2008), luminous AGN are
also thought to be triggered under the same conditions, and even-
tually to shut down both nuclear accretion and star-formation
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activity in the host galaxies through negative feedback. While
some luminous and obscured AGN have been detected in
SMGs (e.g., Alexander et al. 2016; Ivison et al. 2019) or other
starbursting galaxies (e.g., Tsaietal. 2015), the prevalence
of nuclear accretion in SMGs is still a debated issue (e.g.,
Alexander et al. 2005; Wang et al. 2013).

Usually, DSFGs are very faint in the optical/UV bands, due
to strong dust extinction, and are generally missed by widely
used protocluster selection methods. However, recently, bright
FIR-to-mm sources have been resolved with Atacama Large
Millimeter Array (ALMA) into multiple DSFGs at high redshift
(z 2 4), pinpointing the positions of massive, star-forming and
gas-rich galaxy overdensities (e.g., Oteo et al. 2018; Miller et al.
2018; Hill et al. 2020). This approach allowed the discovery of
one of the most extreme protoclusters in terms of total mass, star-
formation rate, and gas mass known at high redshift (z = 4.002,
i.e., the redshift of the brightest member), referred to as the Dis-
tant Red Core (DRC; RA = 00:42:23.8, Dec = —33:43:34.8), as
discussed by Ivison et al. (2016, 2020), Fudamoto et al. (2017),
Lewis et al. (2018), Oteo et al. (2018), and Long et al. (2020).
The DRC was first selected by Ivison et al. (2016) as a high-
redshift DSFG candidate on the basis of its very red Herschel
colors in the H-ATLAS survey (Eales et al. 2010). Subsequent
LABOCA and ALMA observations resolved this source into
several individual galaxies, identified as DRC-1 to DRC-11, in
descending order of 2mm continuum brightness, in the inner
core of the structure, over an area of ~260kpc x 310kpc, and
sources C to G in the external regions.

Currently, 13 of these sources have been spectroscopically
confirmed with ALMA to be members of the same structure at
z = 4 (Oteo et al. 2018; Ivison et al. 2020) via detection of up
to five emission lines (2CO(2-1), 2CO(4-3), 2CO(6-5), [C 1]
(1-0), Hy(211 — 2¢2)). The identified members are all of the core
galaxies except for DRC-5, plus three galaxies in the external
regions of the protocluster (i.e., Sources C, D, and E). Several
continuum and line emitters have been detected in the fields
of sources C-G but remain unidentified, and possibly some of
them belong to the same z = 4 overdensity. In particular, a
second CO(4-3) line emitter was detected at ~3 arcsec and
Av ~ 1700kms~! from source D. It is currently unclear if this
is another member of the DRC aligned with source D, or if it
traces an outflow launched by that source. For the purpose of
this paper, we will consider the two line emitters in source D as
a single structure member. The core of the structure is character-
ized by a DSFG surface density that is 10x higher than SSA22
(Umehata et al. 2015) at z = 3.09, which is one the most mas-
sive structures known at high redshift (Steidel et al. 2000). Radio
observations (5.5-28 GHz) identified DRC-6 as a radio galaxy,
with a radio flux 50 brighter than that expected from star forma-
tion (Oteo et al. 2018). A high-resolution (x0.12 arcsec) 870 um
ALMA image of the brightest DSFG (DRC-1) reveals it is com-
posed of three distinct and likely interacting star-forming clumps
(Oteo et al. 2018). Similarly, recent Hubble Space Telescope
(HST)/WEFC3 observations in the F'125W band resolved several
DRC members into multiple star-forming and likely interacting
clumps on scales of a few kpc (Long et al. 2020).

Individual star-formation rates of confirmed protocluster
members, derived from the FIR or CO(4-3) line luminosities
by Oteo et al. (2018) and Ivison et al. (2020), and from spec-
tral energy distribution (SED) fitting by Longetal. (2020),
are in the range SFR = 50-3000 M, yr~!. The total SFR =~
6000—7400 M yr~! is the highest among known protoclusters
at z = 2.5-5.3 (Oteo et al. 2018; Hill et al. 2020), with ~70%
attributed to the three brightest member galaxies (i.e., DRC-1,
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DRC-2, and DRC-3). It is likely that the DRC has been caught
during a phase of fast and efficient stellar-mass building, not yet
quenched by AGN feedback. This is also supported by the large
estimated molecular gas mass of the structure (My, > 10'? Mo;
Long et al. 2020). The estimated total mass of the protoclus-
ter M ~ 10'* My makes the DRC a likely progenitor of a
Coma-like cluster in the local universe (Long et al. 2020). The
vigorous collective SFR of the DRC is most likely fueled by a
continuous inflow of gas (e.g., Umehataetal. 2019). The
same gas reservoir is also expected to trigger efficient, fast,
and obscured SMBH growth typical of the peak phases of
SMBH growth as predicted by several theoretical models (e.g.,
Menci et al. 2003; Hopkins et al. 2006).

A VLT/MUSE observation of the DRC reveals the pres-
ence of an LAB (with linear size ~60kpc) close to DRC-2
(Oteo et al. 2018). Similar objects are often found in protoclus-
ters (e.g., Overzier 2016), and are signposts of large amounts
of neutral gas. The powering sources of LABs have been often
identified with the photoionizing emission from a close ioniz-
ing source (e.g., a QSO) (e.g., Geach et al. 2009; Overzier et al.
2013; Hennawi et al. 2015), resonant scattering of Ly« photons
emitted by a central source (e.g., Borisova et al. 2016), shocks
(e.g., Taniguchi & Shioya 2000; Mori et al. 2004), or “cooling
radiation” following collisional ionization during the gravita-
tional collapse of the gas (e.g., Haiman et al. 2000). None of
the protocluster members were detected as Lya emitters in the
MUSE data (Oteo et al. 2018).

In this paper, we present the results of a 139 ks Chandra
observation of the DRC, aimed at investigating its AGN con-
tent. We compare it with similar structures at lower redshift
and assess whether the source of energy powering the LAB
is a buried AGN. Uncertainties and limits are reported at a
68% confidence level, unless otherwise noted. We adopt a flat
ACDM cosmology with Hy = 67.7kms™' and Q,, = 0.307
(Planck Collaboration XIIT 2016). At z = 4, 1arcsec corre-
sponds to ~7.1 kpc.

2. Chandra data reduction and analysis

We observed the DRC with Chandra for a total of 139ks,
split into 3 observations (see Table 1 for details). We used
the back-illuminated ACIS S3 CCD to cover all of the spec-
troscopically identified members of the structure. The core of
the DRC has been placed at the aimpoint of the observations,
where the Chandra sensitivity is highest. We reprocessed the
Chandra observations with the chandra_repro script in CIAO
4.11 (Fruscione et al. 2006)', using CALDB v4.8.4%, setting the
option check_vf_pha=yes, since observations were taken in very
faint mode. In order to correct the astrometry of each observa-
tion, we performed source detection with the wavdetect script
with a significance threshold of 1076, and matched the posi-
tions of the detected point sources with the USNO-B1 optical
source catalog (which has a typical 0.2” astrometric accuracy;
Monet et al. 2003) using the wes_match and wes_update tools.
Finally, we merged the individual observations with the repro-
Jject_obs tool, and derived merged images and exposure maps.
Figure 1 presents the Chandra0.5-7keV image of the DRC.
Spectra, response matrices, and ancillary files were extracted
from individual pointings using the specextract tool and were
added using the mathpha, addrmf, and addarf HEASOFT tools?,

I http://cxc.harvard.edu/ciao/
2 http://cxc.harvard.edu/caldb/
3 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/

Table 1. Summary of the Chandra observations of the DRC.

OBSID Start date Texp [ks]
21463  2019-09-13 57
22843  2019-09-15 59
22844  2019-09-16 23

1@arcsec (71 kpc)
=

DRC-9
v)
DRG-11

Fig. 1. Smoothed 45" X 45” Chandra full-band image of the DRC core.
The green contours (30, 507, 907) mark the 2 mm continuum emission of
the ALMA sources with ~2” angular resolution, labeled as in Oteo et al.
(2018). The cyan contours (5o, 70, 90, 110) show the continuum-
subtracted LAB emission in a velocity range [—-1300, 800] kms~', cen-
tered on the Lya wavelength at z = 4.002. This velocity range encom-
passes most of the Ly« line profile of the LAB (see Oteo et al. 2018).
The entire image is covered by MUSE observations.

respectively, weighting by the individual exposure times. Ancil-
lary files, which are used to derive fluxes and luminosities, were
aperture corrected.

We assessed the detection significance for each member of
the structure in three energy bands: 0.5-2keV, 2-7keV, and 0.5—
7 keV, which we refer to as the soft, hard, and full bands, respec-
tively. We stress that at z = 4 these bands sample rest-frame
energies up to 35keV, allowing us to detect hard X-rays, which
are not absorbed even by large (i.e., up to highly Compton-
thick) column densities of obscuring material. We computed the
detection significance with the binomial no-source probability
(Weisskopf et al. 2007; Broos et al. 2007)

N

PB(XZS):Z

X=5

P -pNE, (1

X!I(N - X)!

where S is the total number of counts in the source region in the
considered energy band, B is the total number of counts in the
background region, N = S + B, and p = 1/(1 + BACKSCAL),
with BACKSCAL being the ratio of the background and source
region areas. We consider a source to be detected if (1 — Pp) >
0.99. This threshold is often used for assessing the detec-
tion significance of faint sources at predetermined positions
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(e.g., Vito et al. 2019). We used circular extraction regions with
R = 1" for evaluating the source counts S, and nearby regions
free of contaminating sources for background evaluation.

3. Results

Among the 13 spectroscopically confirmed protocluster
members, DRC-1 and DRC-2 are detected in our Chan-
dra observations (Sects. 3.1 and 3.2). We performed stacking
analysis on the remaining 11 undetected galaxies to study their
average X-ray emission (Sect. 3.3 and Appendix A). We also
detected in the X-rays three ALMA sources in the DRC field
that are not yet identified spectroscopically (Appendix B).

3.1. X-ray emission from DRC-1

DRC-1 is significantly detected (1 — Pg > 0.999) in the full band
(Fig. 2) and hard band with 4.4*§ and 3.6 net counts, respec-
tively, while it is not detected in the soft band (<2.2 net counts).
The hardness ratio* HR > 0.29 corresponds to an effective pho-
ton index I < 0.55. If we assume an intrinsic power-law spec-
trum with ' = 1.9, the HR limit implies a lower limit on the
obscuring column density of Ny > 7 x 10** cm=2. This spec-
tral model implies fluxes Fos_oiey < 1.4 x 1070 ergem=2 57!
and Fy_7gev = 7.6’:2'(5) x 10716 erg cm~2s7! in the soft and hard
bands, respectively. Correcting for a column density of Ny >
7 x 102 cm™2, we estimate a rest-frame X-ray luminosity of
Ly tokev = 12707 x 10% ergs™.

Despite the very limited number of detected photons, we
extracted the X-ray spectrum and fitted it with a simple absorbed
power-law model (phabs*zphabs*pow in XSPEC,> where phabs
accounts for Galactic absorption; Kalberla et al. 2005), fixing
I' = 1.9. We used the W-statistic®, which extends the Cash
(1979) statistic in the case of background-subtracted data. The
best-fitting model returns a column density Ny = 1.8737 X
10** cm2, fluxes of Fos_okey = 3:% x 107V erg cm2s™! and
Frev = 10702 x 107 ergem™s™", and an absorption-
corrected luminosity Ly_jokev = 2.9*33x10* ergs™". According
to these values, which are in line with those estimated from the
hardness ratio, DRC-1 hosts a heavily obscured, and possibly
Compton-thick, AGN with moderate luminosity.

DRC-1 is the confirmed protocluster member with the high-
est molecular gas mass (Mp, ~ 9x 10! M), and one of the most
massive in terms of stellar mass (M, ~ 2 x 10" My; Long et al.
2020). Moreover, it is resolved into three star-forming clumps
by a high-resolution (0.12”) ALMA observation at 870 um
(Oteo et al. 2018, see green contours in Fig. 2) and rest-frame
UV HST observations (Long et al. 2020). Both the availabil-
ity of a large gas reservoir and possible galaxy interaction are
thought to trigger luminous AGN activity (e.g., Vito et al. 2014;
Donley et al. 2018; Weigel et al. 2018). SMGs, in particular, are
both gas rich and often associated with galaxy mergers (e.g.,
Alexander & Hickox 2012; Narayanan et al. 2015, and refer-
ences therein), as in the case of DRC-1. Therefore, it is not

4 The hardness ratio is defined as HR = (Z;g, where S and H are the
net counts in the soft band and hard band, respectively. It can be used to
derive a simple description of the spectral shape of an X-ray source.

5 XSPEC v.12.9 (Arnaud 1996), https://heasarc.gsfc.nasa.
gov/xanadu/xspec/. We fitted the X-ray spectrum using the modi-
fied Cash statistics (Cash 1979, https://heasarc.gsfc.nasa.gov/
xanadu/xspec/manual /XSappendixStatistics.html)

% https://heasarc. gsfc.nasa.gov/xanadu/xspec/manual/
XSappendixStatistics.html
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2 arcsec

Fig. 2. Chandrafull-band image of DRC-1. The black circle is the
region used for X-ray photometry evaluation. Green contours (3o, 70,
110) mark the three ALMA sources identified with a high-resolution
(0.12”) 870 um observation. Even high-resolution ALMA imaging can
barely resolve the two southern sources (see Oteo et al. 2018).

surprising to find luminous and obscured AGN among them
(e.g., Ivison et al. 1998, 2019; Wang et al. 2013). Due to Chan-
dra’s angular resolution and the limited photon statistics, we are
unable to identify which of the three clumps constituting DRC-1
is the X-ray source, or if more than one of them provides signif-
icant contributions to the total X-ray emission.

DRC-1 is forming stars at a powerful rate (SFR =
1700-2900 M, yr‘l; Oteo et al. 2018; Longetal. 2020). X-
ray emission from high-mass X-ray binaries (HMXBs), which
is proportional to SFR (e.g., Bauer et al. 2002; Ranalli et al.
2003, 2005; Basu-Zychetal. 2013; Symeonidis et al. 2014;
Lehmer et al. 2019), can thus contribute significantly to the X-
ray emission detected from this source. The formation timescale
of HMXBs after a star-formation event is on the order of
1-10Myr (e.g., Fragos et al. 2013; Garofali et al. 2018). To esti-
mate the contribution of HMXBs to the X-ray emission of DRC-
1, we used the Fragos et al. (2013) model 269 of the evolution
of Lx/S FR, which has been found by Lehmer et al. (2016) to be
the one that best agrees with observational data up to z = 2.5.
According to such a model, a value of SFR = 2900 M, yr~!
at z = 4 can produce an X-ray luminosity of Lj_joxev =
2 x 10% erg s~L, a factor of >6 times lower than the estimated
luminosity of DRC-1. Moreover, XRB populations usually pro-
duce X-ray spectra softer than the emission detected from DRC-
1 (e.g., Mineo et al. 2012; Lehmer et al. 2015).

Several caveats should be noted when using this argument.
For instance, the Fragos et al. (2013) theoretical models have
been observationally validated only up to z = 2.5, although they
are consistent with results at z = 3-5 (Vito et al. 2016). More-
over, the physical assumptions made by Fragos et al. (2013)
might not be valid for sub-mm bright DSFGs. For instance, at
a fixed SFR, the X-ray emission produced by XRBs is expected
to decrease with increasing metallicity (e.g., Basu-Zych et al.
2016; Brorby etal. 2016; Fornasini et al. 2019, 2020). The
metallicity of high-redshift DSFGs is probably higher than that
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of the typical galaxy population (e.g., Swinbank et al. 2004;
Rigopoulou et al. 2018; De Breuck et al. 2019). Therefore, the
XRB contribution to the X-ray luminosity has been observed to
be lower in DSFGs than in typical star-forming galaxies. Here-
after we will consider the X-ray emission in DRC-1 to be pri-
marily produced by an AGN.

3.2. X-ray emission from DRC-2

DRC-2 (Fig. 3) is detected in the full band (14.43‘% net counts)

and hard band (12.6*39 net counts), while it is not detected in the
soft band (<3.3 net counts). Such relatively bright emission at
high energies (10-35keV in the rest frame) not associated with
a soft-band detection is indicative of heavy obscuration. Fitting
the X-ray spectrum with a simple power-law, we obtained a very
hard effective photon index (i.e., T = —0.9*95).

We first modeled the DRC-2 X-ray spectrum with an
absorbed power-law emission (wabs*zphabs*pow in XSPEC).
Due to the limited photon counting statistics, we fixed I'=1.9.
The best-fitting model returns a hard-band flux Fr_7ey =
3.83:2 x 1071 erg cm™2 57!, The intrinsic absorbing column den-
sity along the line of sight is Ny = 6.33; x 10*cm~2, and
the absorption-corrected rest-frame luminosity is Ly_jgkey =
2.0%13 x 10¥ ergs™". However, this simple spectral model may
not be a good representation of the X-ray emission in the case of
heavy obscuration, as additional components, such as scattered
emission, become increasingly important.

Therefore, we also fit the DRC-2 X-ray spectrum with the
MYTorus model (Murphy & Yaqoob 2009), which treats self-
consistently both the transmission and the reflected compo-
nents. Due to the limited photon counting statistics, we fixed
I' = 1.9, the normalization of the scattered and line compo-
nents to that of the transmitted component, and the inclina-
tion angle to 90 deg. The best-fitting model returns Fp_7¢ey =
347042 x 107 P ergem™ 57!, while we derived only a lower
limit on the column density (Ny > 1.2 X 10* cm™2)’. The
absorption-corrected rest-frame X-ray luminosity is Ly_jgkev =
2.7*89 x 10" ergs™'. A pure reflection model, obtained by set-
ting the normalization of the transmitted component to zero,
returns an equally good quality fit, with intrinsic Ly_jgkev =
53770 x 10" ergs™".

In Fig. 4 we compare the best-fitting parameters for DRC-
2, derived with the MY Torus model, with other sub-populations
of AGN. The X-ray luminosity of DRC-2 is typical of lumi-
nous optically selected Type 1 QSOs. However, DRC-2 is
obscured by a large column density, similar to some lumi-
nous hot dust-obscured galaxies (Hot DOGs) and X-ray selected
AGN with moderate luminosity. DRC-2 is therefore one of the
most luminous and distant QSOs deeply buried in Compton-
thick material (e.g., Vito et al. 2018), and the first one to be
found in a protocluster environment (e.g., Lehmer et al. 2009a;
Digby-North et al. 2010).

DRC-2 is the second most gas-rich (Mp, ~ 3x10'" M) and
star-forming (SFR ~ 1000 M, yr~!; Oteo et al. 2018; Long et al.
2020) member of the protocluster after DRC-1. Moreover, like
DRC-1, it is resolved into multiple rest-frame UV components,
suggesting ongoing galaxy interaction. These properties confirm

7 We restricted the hard upper limit of Ny in the MY Torus model from
10 ecm™2 to 5 x 10** cm™2, as for Ny = 5 x 10%* cm™2 the column den-
sity and the power-law component normalization become completely
degenerate and insensitive to the data, due to the limited photon statis-
tics, leading to the appearance of a second minimum of the fit statistics
at Ny = 10® cm™2.
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Fig. 3. Chandra soft-band (top panel) and hard-band (bottom panel)
images of DRC-2. The black circle is the region used for X-ray photom-
etry evaluation, centered on the X-ray emission. Green contours indicate
the ALMA emission at 2 mm. The continuum-subtracted emission of
the Lya blob (LAB) is shown with blue contours (see Sect. 4.4). Upper
panel: we also show the contours of the He II emission (40~ and 507) at
the position of DRC-2 (see Sect. 4.3).

the presence of a strong link between massive gas reservoirs,
galaxy interactions, and powerful and obscured nuclear activity.
Given the SFR of DRC-2, the Fragos et al. (2013) model pre-
dicts that HMXBs would only produce a factor >300 weaker
X-ray emission than the measured luminosity. The same caveats
regarding XRBs discussed at the end of Sect. 3.1 hold also for
DRC-2.

3.3. Stacking results for undetected sources

Stacking analysis can be used to place constraints on the aver-
age X-ray emission of the spectroscopically confirmed members
of the structure that are not detected individually by Chandra:
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Fig. 4. Intrinsic X-ray luminosity versus obscuring column density
for DRC-2 (red symbol) compared with several sub-populations of
AGN. Only objects detected in the X-rays are included. Hot dust-
obscured galaxies (Hot DOGs; purple symbols) are collected from
Stern et al. (2014), Assef et al. (2016), Ricci et al. (2017), Vito et al.
(2018), and Zappacosta et al. (2018). Red Type 1 QSOs (or Extremely
Red QSOs, ERQs, green symbols) are from Urrutia et al. (2005),
Banerji et al. (2014), Mountrichas et al. (2017), Goulding et al. (2018),
and Lansbury et al. (2020). Type 1 QSOs (blue symbols) are col-
lected from Just et al. (2007, arbitrarily placed at logNy = 21.5) and
Martocchia et al. (2017). Dust obscured galaxies (DOGs) and SMGs
(black symbols) are collected from Wang et al. (2013), Corral et al.
(2016), and Zou et al. (2020). Grey symbols represent X-ray selected
AGN population in the Chandra deep field-south (Li et al. 2019), with
typical error bars showed in the lower right corner of the figure. Left-
ward pointing arrows represent upper limits on the column density.

i.e., DRC-3, DRC-4, DRC-6, DRC-7, DRC-8, DRC-9, DRC-10,
DRC-11, Source C, Source D, and Source E (see Appendix A for
individual X-ray images). First, we used the dmfilth tool to mask
field X-ray sources detected with wavdetect at a significance of
1076 in the full band. Then we stacked the Chandra emission
centered on the ALMA positions with the dmimgcalc tool in
the three standard X-ray bands. Figure 5 presents the stacked
image in the full band, which has an effective exposure time
of ~1.5 Ms.

We used a R = 1" circular aperture to extract the source pho-
tometry of the stacked images (16 total counts in the full band),
and annular regions with inner and outer radii of 3 arcsec and 12
arcsec, respectively, to extract the background photometry. We
detected (1 — Pg = 0.997) stacked emission in the full band with
8. 8+‘3‘$ net counts, while the stacked emission in both the soft and
hard bands is slightly below the detection threshold. Assuming
I' = 1.4 power-law emission, characteristic of the cosmic X-ray
background, the stacked photometry corresponds to an average
flux Fos-7rev = 1.2*5x 107" ergem™ 7! and an average rest-
frame luminosity L,_jokeV = 3.6"1% x 1043 ergs~!. Therefore,
our stacking analysis suggests that nuclear activity with low or
moderate accretion rate and possibly obscured may be ongoing
even among the DRC members that are not individually detected
in our Chandra observations. We note that the reported lumi-
nosity is 21 order of magnitude higher than the expected X-ray
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Fig. 5. Stacked and smoothed 25” x25” image in the full band of the 11
individually undetected, spectroscopically confirmed members of the
protocluster.

emission from XRBs (Fragos et al. 2013), given the typical SFR
of a few 100 Mg yr~! of the stacked galaxies (e.g., Oteo et al.
2018; Long et al. 2020) .

While all galaxies contribute at most <20% to the stacked
X-ray flux, one of them, DRC-6, is a known radio galaxy (see
Sects. 1 and 4.5) that is expected to emit in the X-ray band, and in
fact provides one of the major contributions (3 out of the 16 total
counts in the source region). We repeated the stacking analysis
excluding DRC-6, and found that the significance of the stacked
emission decreases to (1 — Pg) = 0.984 (i.e., slightly below the
detection threshold we set for the detection of individual sources
in Sect. 3). This result implies that X-ray sources in the stacked
galaxies, if present, are low luminosity and possibly obscured
AGN, although a fractional contribution from XRBs cannot be
excluded.

4. Discussion

The presence of luminous and obscured QSO candidates
revealed by Chandrain DRC-1 and DRC-2 (see Sects. 3.1
and 3.2) motivated us to study in more detail the physical prop-
erties of these galaxies. In Sects. 4.1 and 4.2 we fit the SED of
DRC-1 and DRC-2, respectively, including the X-ray emission.
In Sect. 4.3, we investigate the MUSE datacube to extract the
UV spectrum of DRC-2 and search for high-ionization emission
lines, which are indicators of nuclear activity in this source. In
Sect. 4.4 we discuss the possible link between the hidden QSO in
DRC-2 and the nearby LAB (see Fig. 3). Finally, in Sect. 4.5 we
compare the AGN content of the DRC with other protoclusters
at lower redshifts.

4.1. Spectral energy distribution and the X-ray-to-UV
emission ratio of DRC-1

We performed SED fitting of DRC-1 using the X-CIGALE
software (Yang et al. 2020), which expands the CIGALE code
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Fig. 6. Best fitting SED of DRC-1 (left panel) and DRC-2 (right panel), decomposed into stellar (cyan line) and AGN (red line) components. Blue
squares represent constrained photometric data, while downward-pointing triangles are upper limits.

(Boquien et al. 2019) to include a self-consistent treatment of
X-ray photometry, allowing for the decomposition of the DRC-
1 SED into AGN and galaxy components. We used similar
parameter settings for the galaxy component as in Long et al.
(2020), and added an AGN component as in Yang et al. (2020)
and Zouetal. (2019). We use the GEMINI/FLAMINGO-2
(Ky), HST WEC3 (F125W), Spitzer IRAC (3.5 um and 4.5 um),
Herschel/SPIRE (250 um, 350 um, 500 um), and ALMA (2 mm
and 3 mm) photometry reported in Table 1 of Long et al. (2020).
We also added the absorption-corrected X-ray flux correspond-
ing to the best-fitting absorbed power-law model described in
Sect. 3.1. The decomposed SED is shown in Fig. 6.

The resulting best-fitting stellar mass (=2 x 10'' My)
and SFR (x3400 M, yr~') are consistent with the results of
Long et al. (2020). In addition, thanks to the X-ray data, we can
investigate the AGN component, which is sub-dominant at all of
the sampled wavelengths, except for the X-ray band. The AGN
bolometric luminosity, logM ~ 45.5, is consistent with a

bolometric correction Ko = Lb)‘(" of a few tens, given the X-ray
luminosity we derived in Sect. 3.1, which is typical of moder-
ately luminous QSOs (e.g. Lusso et al. 2012; Duras et al. 2020).
Having estimated of the AGN bolometric luminosity, we can
derive the black-hole accretion rate as BHAR = (1 E) Lbol, where
we assumed a standard radiation efficiency € = O 1 We found
BHAR ~ 0.5 Mg yr™!

X-CIGALE returns also the ratio between the X-ray and UV
emission in QSOs, which is usually parametrized with the quan-
tity @, = 0.38 X log(Lrkev/Lyspoa) (€.g., Brandt & Alexander
2015 and references therein). «,, carries information on the
physical structure of the hot-corona and accretion-disk sys-
tem in QSOs (e.g., Lusso & Risaliti 2017), and is well known
to anti-correlate with the UV luminosity (e.g., Steffen et al.
20006; Just et al. 2007; Lusso & Risaliti 2016). The deviation of
the measured value of «,, from the expectation of the anti-
correlation with UV luminosity is measured with the parame-
ter A,y = @ y(observed) — @, (Lys092)- The best-fitting SED
model of DRC-1 returns apx = —1.5 and Aapx = 0.03; i.e., the
X-ray-to-UV luminosity ratio of DRC-1 is well consistent with
the predicted value.

4.2. Spectral energy distribution and the X-ray-to-UV
emission ratio of DRC-2

We repeated the SED fitting procedure with X-CIGALE for
DRC-2, using the photometry reported in Table 1 of Long et al.
(2020), and the absorption-corrected X-ray flux corresponding

to the best-fitting MYTorus model described in Sect. 3.2. The
decomposed SED is shown in Fig. 6. The resulting best-fitting
stellar mass (=4 x 10'° M) and SFR (x1250 My yr™') are in
agreement with the results of Long et al. (2020). X-CIGALE

returns an AGN bolometric luminosity of log L"glrﬁGlN) ~ 46.5.
In contrast with this value, scaling the X-ray luminosity derived
in Sect. 3.2 with the bolometric corrections of Lusso et al. (2012)
and Duras et al. (2020), we would have expected log%'ﬁm A
47.0. We estimate the accretion rate of DRC-2 in the range
BHAR = 4.7-17.3 My yr~', depending whether the bolometric
luminosity derived from SED fitting or scaled from the X-ray
emission is assumed.

The discrepancy between the two estimates of the bolomet-
ric luminosity can be explained if the QSO hosted in DRC-2 is
particularly X-ray bright with respect to its intrinsic UV emis-
sion. The best-fitting SED model of DRC-2 returns a,, = 1.4
and Aa,, = 0.23. This value of Aa,, corresponds to a factor
of ~4 times higher X-ray luminosity than the expectation from
the Ly — Lyy relation, and is significantly higher than the value
expected for typical radio-quiet QSOs (i.e., A, = 0), but still
consistent with the upper bound of the Aa,, distribution of the
radio-quiet QSO population (e.g., Gibson et al. 2008; Vito et al.
2019).

Enhanced X-ray emission is often observed in radio-loud
QSOs (e.g., Miller et al. 2011; Ballo et al. 2012), due to the
contribution of the jets to the total X-ray emission via inverse
Compton scattering of external photons or synchrotron self-
Compton scattering (e.g., Medvedev et al. 2020; Worrall et al.
2020). DRC-2 is covered with VLA (28 GHz) and ATCA
(5.5 GHz) observations, but it is not detected (Oteo et al. 2018).
However, radio jets can have steep radio spectra, and may remain
undetected at the high rest-frame frequencies probed by such
data. Additional sensitive radio observations at lower frequen-
cies are required to confirm the presence of radio jets in DRC-2.

Another possible explanation for the discrepancy between
the bolometric luminosity derived from SED fitting and that
inferred directly from the X-ray emission is related to the fitted
Herschel fluxes. These have been derived by Long et al. (2020)
with a thorough and complex deblending procedure using the
ALMA 2mm fluxes as priors, as the PSF of Herschel is too
large to resolve the individual DRC members. We investigated
the effect of an underestimate of the far-IR fluxes produced by
DRC-2. In particular, we repeated the SED fitting procedure
under the extreme assumption that the entire DRC fluxes in
the Herschel bands were associated with DRC-2. We found
lo % ~ 47, which is consistent with the luminosity
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inferred from X-ray data only. We also note that DRC-2 is
resolved into multiple components by HST, but the used pho-
tometry refers to the entire system.

4.3. UV spectrum of DRC-2

We investigated the MUSE datacube (Oteo et al. 2018) at the
position of DRC-2 to search for high-ionization emission lines,
like C IV 11549 and He II 21640. The presence of these fea-
tures requires a strong and hard UV continuum, such as that
produced by nuclear accretion. We found significant emission at
8200 A (Fig. 7) at ~0.5” from the ALMA and Chandra positions
of DRC-2 (see Fig. 3), which we identify with the He II emis-
sion line redshifted at z = 4. The He II line can also be pro-
duced by extremely young (<107 yr) Pop III stars (Schaerer
2003) or metal-poor HMXBs (e.g. Eldridge & Stanway 2012;
Schaerer et al. 2019; Stanway et al. 2020). However, as we noted
also for DRC-1 in Sect. 3.1, these are dusty (i.e., already
enriched with metals) and massive galaxies, which are unlikely
to be forming metal-poor stars. Therefore, the ionizing photons
required for He II line emission in this galaxy are most likely
associated with the nuclear accretion we found in Sect. 3.2.

Figure 8 presents the MUSE spectrum at the position of the
He II emission line in DRC-2. We mark the expected wave-
lengths at z = 4.002 of some of the strongest AGN emission
features with vertical dashed lines. Besides the strong He II line,
we also identify Lya 11216 emission and a drop in the faint con-
tinuum emission expected at rest-frame 1 < 1216 A due to the
Lya forest and the Lyman break. It is unclear if the Ly« line in
Fig. 8 is produced by the hidden QSO or if it is due to contam-
ination by the LAB, since the extraction region is located at the
border of the extended Lya emission. We also note that the C
IV line can be identified in the MUSE spectra, although it falls
in a spectral range with strong noise residuals. The detected UV
emission could also be due to young and hot stars, although the
presence of the C IV and He II lines point toward an AGN ori-
gin. We do not find strong evidence for extended C IV or He II
emission in the LAB.

Similar heavily obscured, extremely luminous QSOs with
“leaking” UV emission are the hot dust-obscured galaxies (Hot
DOGs) presented by Assef et al. (2015, 2020) in which, accord-
ing to the authors, the emission from the hidden central QSO
is scattered by gas and dust into the line of sight. This scenario
helps to explain the weakness of the UV emission relative to the
intrinsic QSO power derived by SED decomposition and X-ray
observations in those Hot DOGs. Similar physical processes may
be in place in DRC-2, which has an estimated intrinsic luminos-
ity similar to the Assef et al. QSOs.

4.4. DRC-2 as the powering source of the LAB

LABs trace large reservoirs of cold gas, possibly flowing through
cosmic filaments and fueling both star formation and SMBH
accretion (e.g., Umehata et al. 2019). Oteo et al. (2018) reported
the detection with MUSE of an LAB (with size ~60kpc) in
the central part of the DRC, close to the position of DRC-
2 (see Figs. 1 and 3). The projected distance between the
X-ray source centroid and the peak of the Lya extended emis-
sion is <1.9”, corresponding to $13.5kpc at z = 4. The heav-
ily obscured and luminous QSO hiding in DRC-2, as revealed
by Chandra , is the most obvious source to power the extended
Ly emission (e.g., Geach et al. 2009; Overzier 2016), although
independent mechanisms cannot be ruled out (e.g., “cool-
ing radiation”; e.g., Haiman et al. 2000). The LAB luminosity
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Fig. 7. Continuum-subtracted and smoothed MUSE datacube at
A =8190 — 8210 A, where the He II emission line is expected to be
found at z = 4.002 (i.e., rest-frame A = 1640 A). Black contours mark
the ALMA positions of the protocluster members.
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Fig. 8. Background-subtracted MUSE spectrum of DRC-2 extracted at
the position of the He II emission peak. Vertical dashed lines mark the
expected wavelengths of strong AGN features redshifted at z = 4.002.

(logLiye ~ 4 x 10% ergs™) is in line with other LABs pow-
ered by radio-quiet obscured QSOs (e.g., Geach et al. 2009;
Overzier et al. 2013; Borisova et al. 2016). Extended Lya emis-
sion powered by QSOs can be produced by photoionization due
to a strong ionizing flux of the central source or by resonant
scattering of the Ly« photons emitted in the QSO emission line
regions.

Another intriguing, but currently quite speculative, possi-
bility is that the extended Ly« emission traces gas shocked
by a QSO-driven or starburst-driven outflow. Oteo et al. (2018)
showed that the profile of the CO(4-3) emission line in DRC-2
is strongly asymmetric and double peaked (Av ~ 1000kms™).
Moreover, the ALMA continuum emission (with an angular
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Ly8[-300,300] km/s

Fig. 9. Continuum-subtracted and smoothed Lya emission in the veloc-
ity range [-900, —300] kms™' (blue), [-300,300]kms~' (green), and
[+300, +900] kms~' (red). Zero velocity is assumed to be at z = 4.002.
Green contours mark the ALMA positions of the protocluster members.

resolution of =2"”) is elongated toward the projected position
of the maximum of the extended Ly« intensity (see green and
cyan contours in Figs. 1 and 3). While these findings could be
related to the multiple components revealed with HST contribut-
ing to the total ALMA flux with different velocities, they may
also be due to outflowing material. The extended Lya emission
also appears to be structured in velocity space (Fig. 9). In par-
ticular, the Lya emission at the position of maximum intensity
is redshifted with respect to the outer parts of the LAB. The
double peaked CO(4-3) emission line and the positional coin-
cidence of the tip of the elongated ALMA emission with the
maximum Ly« surface brightness may be indicative of the pres-
ence of a massive dusty and molecular outflow ejected from the
DRC-2 nuclear regions. The mechanical push of the ouflowing
material on the gas can also explain the redshifted Lya emis-
sion at the impact point. However, most of these properties can
also be ascribed to projection effects, and an inflow scenario
cannot be excluded. New ALMA spectroscopic observations of
molecular lines with higher sensitivity and angular resolution
(s1”) will securely identify a possible massive outflow, allow-
ing us to assess its geometry and its possible contribution to
the powering of the LAB. Moreover, deeper MUSE observa-
tions of the LAB will study in detail its geometry and velocity
structure.

4.5. AGN content in the structure

In order to compare the AGN content of the DRC protocluster
with similar structures at lower redshifts, we considered only
AGN identified in sub-mm galaxies (SMGs), which were con-
firmed spectroscopically to belong to each structure. Among
the 13 spectroscopically identified members of the DRC pro-
tocluster, we detect two X-ray AGN (DRC-1 and DRC-2).
Oteo et al. (2018) reported that DRC-6, which is not detected
in our Chandra observations, is a radio galaxy (see Sect. 1).

Therefore DRC-6 likely hosts a low-luminosity and/or obscured
AGN. Thus, the fraction of known AGN among DSFGs in
this protocluster is 2335%. Considering only X-ray detected
sources, the fraction is 15*39%, which is consistent with the
X-ray selected AGN fraction in field SMGs (e.g., Wang et al.
2013). However, as discussed in Sect. 3.3, some of the DRC pro-
tocluster members undetected in our Chandra observations may
host low-luminosity AGN, resulting in a higher intrinsic AGN
fraction.

We compare these values with the results found for SSA22,
a massive protocluster at z = 3.09. Considering only the 8 SMGs
detected at 1.1 mm in this structure (Umehata et al. 2015), 4 of
them (50*3,%) are X-ray detected AGN (Lehmer et al. 2009a)®.
Although the 400 ks Chandra observation of SSA22 at z = 3.1
reaches a deeper flux limit and intrinsic luminosity limit than
our observation of the DRC, all of the X-ray AGN among SMGs
in SSA22 have fluxes Fys_7xey > 1071 erg cm~2s~!, and could
have been detected in our Chandra observation. Therefore, in
this sense, the comparison is fair. A caveat instead arises from
the selection of SMGs in the two structures, as 1 mm observa-
tions have been used for SSA22 at z = 3.1, while SMGs in the
DRC structure at z = 4 have been selected in 2 mm and 3 mm
observations.

Another well-studied, massive protocluster is the structure
at z = 2.3 discovered by Steidel et al. (2005) in the field of
the QSO HS 1700+643. Using 200 ks Chandra observations,
Digby-North et al. (2010) did not find a significant enhancement
of X-ray selected AGN among galaxy members of that pro-
tocluster. Recently, Lacaille et al. (2019) presented SCUBA-2
observations of the same field at 850 um and 450 um. In order
to estimate the AGN content among the 4 spectroscopically con-
firmed sub-mm galaxies in the HS 17004643, we matched their
coordinates with the positions of X-ray sources in the Chandra
Source Catalog 2.0,° finding no match. This result corresponds
to an AGN fraction among sub-mm galaxies of <27%.

From the comparison discussed in this section, we conclude
that the AGN fraction in sub-mm galaxies in the DRC proto-
cluster is not significantly different from those in similar struc-
tures at lower redshift, although the statistics upon which this
result is based are limited. Future observations of the DRC pro-
tocluster aimed at identifying Lya emitter and Lyman-break
galaxies will allow the investigation of the AGN content in
the more general galaxy population, and comparison of the
results with a larger sample of similar structures for which sub-
mm/mm observations are currently lacking (e.g., Lehmer et al.
2009b; Digby-North et al. 2010; Krishnan et al. 2017, but see
also Macuga et al. 2019).

Considering the BHAR values described in Sects. 4.1 and
4.2, BH accretion in the DRC is strongly dominated by DRC-2,
which accretes >10 times faster than DRC-1, the second most
luminous AGN in the structure. As discussed above, DRC-6
likely hosts a low-luminosity AGN, thus most probably char-
acterized by a low BHAR. From the stacking analysis per-
formed in Sect. 3.3, the typical BHAR of individually undetected
DRC members is ~0.1 M, yr~!, and thus their cumulative accre-
tion rate is comparable to, or even higher than, the BHAR of
DRC-1.

8 A ninth SMG in SSA22 which lacks spectroscopic confirmation but
is associated with a photometric redshift of z = 3.08 (i.e., a likely mem-
ber of SSA22) is also detected in the X-rays.

® https://cxc.harvard.edu/csc/
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5. Conclusions

We presented new Chandra observations (139 ks) of the DRC, a
starbursting and gas-rich protocluster, constituted of at least 13
DSFGs at z = 4. We summarize here the main results.

— We detected in the X-ray band two members of the proto-
cluster, DRC-1 and DRC-2. Both sources present a hard X-
ray spectrum, consistent with being heavily obscured. These
two SMGs have the highest gas content among the protoclus-
ter members (Oteo et al. 2018). Moreover, high-resolution
ALMA and HST imaging resolved them into multiple likely
interacting star-forming clumps. This is consistent with the
idea that the availability of a large amount of gas and galaxy
interactions, both of which are enhanced in gas-rich, unviri-
alized overdensities at high redshift, can trigger fast and
obscured SMBH accretion.

— DRC-1 is detected in the full and hard X-ray bands. From
X-ray hardness ratio arguments and basic spectral analysis
we estimated a high obscuration level (Ny ~ 104 cm™2) and
moderate intrinsic luminosity (Ly—jokey =~ 2 X 10% erg s7h.

— DRC-2 is a bright hard X-ray source (Fr_7ev =~ 3 X
10" ergem=2s7"), while it is not detected in the soft band.
We fitted its X-ray spectrum with the MY Torus model and
found a best-fitting column density Ny > 10**cm™2 and
intrinsic luminosity Ly_jpkev & 3 X 10% erg s7L. According to
these values, DRC-2 hosts a powerful, Compton-thick QSO
candidate, with an X-ray luminosity similar to the most-
luminous known optically selected type 1 QSOs.

— We fitted the SEDs of DRC-1 and DRC-2 and decomposed
them using galaxy and AGN templates. Resulting stellar
masses and star-formation rates are consistent with previous
findings. Adding the X-ray data, we could investigate for the
first time the AGN component in these two galaxies. The
bolometric luminosity of the QSO hosted in DRC-1 is in line
with the expectation from the X-ray emission. In contrast,
the bolometric luminosity of the QSO in DRC-2 derived via
SED fitting is a factor of ~10 lower than the estimate from
X-ray data. While this discrepancy has been found in other
radio-quiet QSOs, it could be explained by the presence of
radio jets in DRC-2, undetected by current radio observa-
tions due to the high rest-frame frequencies that they sample.

— Led by the discovery of a luminous obscured QSO in DRC-
2, we investigated previously performed MUSE observations
to search for high-ionization emission lines consistent with
the position of DRC-2. We derived the rest-frame UV spec-
trum, detecting the continuum, strong He Il and Lya emis-
sion lines, and possibly the C IV emission line. Due to the
presence of high-ionization emission lines, we consider the
UV emission as of nuclear origin. We speculate that the
detection of UV continuum and emission lines in a DSFG
hosting a Compton-thick QSO might be due to UV photons
scattered back into the line of sight, as found in other lumi-
nous and obscured QSOs.

— A Lya blob (LAB) was detected by Oteo et al. (2018) with
MUSE observations in the proximity of DRC-2. The lumi-
nous obscured QSO hosted in this SMG is the most obvi-
ous source for powering the LAB, through photoionization
or scattering of Lya photons. This implies a largely unob-
scured line of sight in the direction of the LAB. Alter-
natively, we propose that DRC-2 could be launching a
powerful dusty and molecular outflow that ionized the sur-
rounding gas through shocks, producing the LAB. This
interpretation is supported by the highly asymmetric and
doubled peaked profile (Avpeak = 1000km s71) of the
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CO(4-3) emission line (Oteo et al. 2018). Moreover, ALMA
revealed that the DRC-2 dust emission is elongated toward
the LAB, and reaches the peak position of the extended Ly«
surface brightness.

— Considering also a known radio galaxy in another member
of the structure, DRC-6, in addition to DRC-1 and DRC-2,
the AGN content among SMGs in this protocluster (23*22%)
is consistent with the fractions estimated for other protoclus-
ters at lower redshifts (z # 2—3). However, an X-ray stacking
analysis reveals that nuclear accretion producing X-ray emis-
sion below our detection threshold might be ongoing also in
other SMG members of the DRC.
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Appendix A: X-ray images of undetected
protocluster members
Figure A.1 presents the full-band images of the spectroscopically

confirmed members of the protocluster which are not detected
individually (see Sect. 3).
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Fig. A.1. Full-band 25" x 25” images of the individually undetected, spectroscopically confirmed members of the protocluster. The R = 2" red
circles are centered at the ALMA positions. Green contours mark the continuum emission at 2 mm of the sources in the core of the structure, as
in Fig. 1. Sources in the outskirts of the protoclusters are marked with CO(4-3) contours (30, S0, and 90), since most of them are not associated
with continuum emission (Ivison et al. 2020). In the field of source D, a second line emitter (~3” from the primary source; Av ~ 1700kms~') was
found and discussed by Ivison et al. (2020). It is not clear if this is another protocluster member, or if it is part of source D (e.g., an outflowing
component).
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Appendix B: X-ray emission in unidentified field
ALMA sources

Besides the 13 spectroscopically confirmed members of the
protocluster, several additional LABOCA 870um sources have
been detected by ALMA in the outskirts of the DRC field (see
Ivison et al. 2020, for details). Most of them have been resolved
with ALMA into multiple galaxies, either (unidentified) line
emitters or continuum emitters, or both. In this section, we
briefly discuss three of these sources which are associated with
detected X-ray emission. In particular, we detected significant
X-ray emission (1 — Pg > 0.99) associated with a 3 mm contin-
uum source and a line emitter in the field of LABOCA source F,
which we refer to as sources F" and F'"", respectively, and a
line emitter in the field of LABOCA source G, which we refer
to as G'" (Fig. B.1). X-ray photometry has been computed in a
circular region centered on the centroid of the X-ray sources.

Source F*™ is detected in the hard band with 5.6*3% net
counts (Fr_7iev = 4.0f'(5) x 10710 erg cm~2s7!), while no count
has been detected in the soft band (<1.1 net counts; Fy5_skey <
8 x 1077 ergecm™2s7!), corresponding to a hardness ratio of
HR > 0.40 and an effective photon index of I'.g < 0.29.
Source F'i"¢ ig detected both in the soft and hard bands, with

3.7 (Fosakev = 2743 x 107 ergem™s7!) and 6.6*3)
(Foqievy = 4.733 x 10716 erg cm~2s7!) net counts, respec-

tively, corresponding to HR = 0.23*02% and T = 0.6970¢7.

Source G is detected only in the hard band with 3.5f%;‘7‘ net
counts (Fp_7iey = 25717 x 107 %ergem™s71), while < 2.1
net counts are detected in the soft band (Fys5_21ev < 1.5 X
10~ "% ergcm=2s7!), corresponding to HR > 0.28 and 'y <
0.57. Therefore, all of these sources present hard X-ray spec-
tra, probably due to ongoing nuclear accretion in obscured
conditions.
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Fig. B.1. Full-band 25" x 25” images of the X-ray detected, spectroscopically unidentified ALMA sources in the outskirts of the DRC field
(Ivison et al. 2020). The R = 2" red circles are centered on the X-ray positions. The green contours mark the 3 mm emission of the continuum
source in the field of sub-mm source F. Blue contours mark the CO(4-3) line emission for the unidentified line emitters (not matched with
continuum emission) in the fields of sub-mm sources F and G (see Ivison et al. 2020 for details).
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