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Outline

A. Extended Lya nebulae at high redshifts. 

B. A rare combination: kpc-scale Lya emission around a dust-enshrouded starburst at 2<z<5

C. MUSE observations towards J1000+0234.

D. Ionization source, kinematics, and large-scale environment around J1000+0234.

F. Summary.

KEY MESSAGE: 

J1000+0234 is an instructive example of a potential evolutionary link between extended Lya nebulae around dusty starbursts in 
overdense regions at z>3 and local elliptical galaxies that reside at the center of galaxy clusters. 
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Tracing the evolutionary path between the most massive starburst galaxies at z>3 with massive 
elliptical galaxies in the present epoch.

Credit. NAOJ

General open issue to be addressed here 
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Extended Lya emission at high redshifts

Ouchi et al. 2020

Extended nebulae of Lya emission are key observational 
signatures of high redshifts (z > 2) structures:

Extended Lyman Alpha Nebulae (ELAN): Mainly 
associated with QSO. Tracers of Mpc-scale 
overdensities. 

Lyman Alpha Blobs (LAB): Associated with a wide 
range of galaxy populations (radio galaxies, quasars, 
QSO, etc). Tend to lie in galaxy overdensities.

Lyman Alpha Halos (LAH): Ubiquitous in high-
redshift star-forming galaxies (SFGs).

Steidel et al. 2000; Matsuda et al. 2004; Cantalupo et al. 2014; Shibuya et al. 2018; Wisotzki et al. 2018; Cantalupo et al. 2019 
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A rare combination: kpc-scale Lya emission around a dust-enshrouded starbursts 

SSA22-LAB01 at  z=3.1

Geach et al. 2016

The rare population of LABs around dusty galaxies with infrared luminosities log(𝐿IR/𝐿⊙)~12 has a surface 
density of only ~0.1 deg2 (Bridge et al. 2013). 

Particular emphasis is given to 𝑧 ~ 3 LABs surrounding dusty, highly active SFGs selected at sub-mm wavelengths 
(Submillimeter Galaxies: SMGs).

Geach et al. 2005; Geach et al. 2014, 2016; Hine et al. 2016; Guaita et al. 2022 
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Evolutionary link between dusty starburst and elliptical galaxies

LABs around luminous SMGs might undergo a “short-lived", intense feedback phase that transforms high-
redshift starbursts into mature/quenched systems.

The Astrophysical Journal, 782:68 (12pp), 2014 February 20 Toft et al.

Figure 6. Schematic illustration of the formation and evolutionary sequence for massive galaxies advocated in this article.
(A color version of this figure is available in the online journal.)

constraints on their comoving number density, which we then
put in the context of the comoving number densities of quiescent
galaxies of similar mass at z ∼ 2. If z ! 3 SMGs are progen-
itors of z ∼ 2 quiescent galaxies, then our data imply that the
SMG duty cycle must be tburst = 42+40

−29 Myr, where the error bars
include our best estimates of the effects of cosmic variance, pho-
tometric redshift errors, and incompleteness. This timescale is
independent from, but in good agreement with, estimates based
on SMG gas depletion timescales tburst ∼ 40–200 Myr, estimates
from hydrodynamical merger simulations tburst ∼ 50 Myr (e.g.,
Mihos & Hernquist 1996; Cox et al. 2008), and estimates based
on the time compact starburst galaxies spend above the main
sequence of star formation tburst < 70 Myr (Wuyts et al. 2011).
Importantly, as our estimate of the SMG starburst timescale
is based only on number density arguments, it is relatively
independent of assumptions of the underlying stellar IMF, which
is a large potential systematic uncertainty, e.g., in depletion
timescale estimates.

Based on stellar masses derived from UV–MIR photometry
and sizes derived from deep NIR imaging, we have shown that
the mass–size distribution of the z ! 3 galaxies is remarkably
similar to that observed for compact quiescent massive galaxies
at z ∼ 2, and that it has similar mean internal stellar mass surface
densities 〈log(Σ)〉 ∼ 9.8 M% kpc−2. The surface brightness dis-
tributions of the z ! 3 SMGs are best fit by Sersic models with
low Sersic n parameters, which is typical of local star-forming
disk galaxies or mergers. The majority also show multiple com-
ponents or irregularities indicative of ongoing merging and/or
clumpy structures.

Many similarities between z ∼ 2 quiescent galaxies and
SMGs exist: they have similar stellar masses, characteristic
internal velocities, dynamical masses, sizes, correlation lengths,
etc. Millimeter measurements of z ! 3 SMGs in continuum and
CO show signatures of merging or rotation (Younger et al. 2008,
2010; Riechers et al. 2011b, 2011c), with molecular emission
line widths in the range of 300–700 km s−1 (with a few outliers)
and a mean 〈FWHM〉 = 456 ± 253 km s−1 (Schinnerer et al.
2008; Daddi et al. 2009a; Coppin et al. 2010; Riechers et al.
2010, 2011b, 2011c; Swinbank et al. 2012; Walter et al. 2012)
similar to stellar velocity dispersions σ = 300–500 km s−1

measured in z ∼ 2 quiescent galaxies. For example, for AzTEC
3, at z = 5.3, Riechers et al. (2010) measured a CO line width
of 487 km s−1 and a gas depletion timescale of 30 Myr, similar
to the SMG starburst timescale derived here. At the depth and
resolution of the present data, it is impossible to make strong
claims about how many z ! 3 SMGs are in the process of

merging. However, all the detected galaxies show evidence of
close companions, multiple components, or clumpy structure
and have low derived Sersic indices, which is consistent with
expectations for merging galaxies. In particular, the two galaxies
with HST/WFC3 data appear to be major mergers.

The evidence presented in this article is in support of a di-
rect evolutionary connection between z ! 3 SMGs, through
compact quiescent galaxies at z ∼ 2 to giant elliptical galax-
ies in the local universe. In this scenario (illustrated in
Figure 6) gas-rich, major mergers in the early universe trig-
ger nuclear dust-enshrouded starbursts,24 which on average last
42+40

−29 Myr, followed by star formation quenching, either due
to gas exhaustion, feedback from the starburst, or the ignition
of an AGN, leaving behind compact stellar remnants to evolve
passively for about a Gyr into the compact quiescent galaxies
we observe at z ∼ 2. Over the next 10 Gyr, these then grow
gradually, primarily through minor merging, into local elliptical
galaxies.

4.2. Connection to Compact Star-forming
Galaxies at 2.5 < z < 3

Barro et al. (2013) found a population of relatively massive
(log(M/M% > 10) compact star-forming galaxies (cSFGs) at
1.4 < z < 3, which show evidence of quenching beginning
to set in (i.e., lower specific SFRs than typical star-forming
galaxies and increased AGN fractions). Their masses, sizes,
and number densities (which increase with decreasing redshift
at the same time the number density of quiescent galaxies
increases) suggest that the highest redshift examples of these
may be progenitors of compact quiescent z ∼ 2 galaxies. These
galaxies are thus good candidates for transition objects in the
evolutionary sequence suggested here between the z ! 3 SMGs
and the z ∼ 2 quiescent galaxies. The comoving number density
of the most massive cSFGs (log(M/M% > 10.8) at 2.5 < z < 3
is ∼(5.4 ± 2.5) × 10−5 Mpc−3, which is comparable to the
number density for z ∼ 2 quiescent galaxies. However, the
cSFGs are not massive enough to be descendants of the brightest
z ! 3 SMGs or progenitors of most of the massive z ∼ 2
quiescent galaxies considered here, as none of the cSFGs have
log(M/M%) > 11 (M. Barro 2013, private communication) but
are likely decedents of less intense starbursts at z ! 3 and
progenitors of slightly lower mass quiescent z = 2 galaxies.

24 The SMG image in the figure is adopted from Targett et al. (2013).
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To explore these scenarios, an accounting of energetic processes and environment around SMGs within LABs is 
needed. 

Gobat et al. 2012; Glazebrook et al. 2017, Toft et al. 2014; Stach et al. 2021
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Lya emission as an observational probe of high-z systems

Yang et al. 2014

Why Lya? Lya

Workhorse diagnostic for high-z systems.
  

Brightest UV line “easily” detected with ground-
based optical telescopes.

BUT: 

It originates from several mechanisms (star 
formation,  gravitational cooling radiation, Active 
Galactic Nuclei [AGN], shocks). 

  
Poor tracer of gas kinematics Lya is a resonant line—> line profile strongly depends 

on propagation effects.

Much fainter, yet vital, non-resonant lines are needed. 
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Goal of this project

HOW? 

By characterizing extended Lya 1216 , CIV 1550 , and HeII 1640  emission around the z=4.5 SMG 
J1000+0234 and its companions.

By combining VLT/MUSE data with archival ALMA and HST/WFC3 observations, we study the ionizing 
mechanisms, kinematics, and large-scale environment of the LAB around J1000+0234

Å Å Å

To evaluate evolutionary links between luminous SMGs in rich environments at z > 3, LABs, and quiescent 
systems in the center of present-day galaxy clusters. 
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Key aspects of J1000+0234

A&A proofs: manuscript no. jimenez-andrade+_aa_letter
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Fig. 1. Left panel: extended Ly↵ emission around the low-mass SFGs (S) neighboring the massive SMG J1000+0234 (N). The color scale shows
the flux of Ly↵ emission as revealed by Subaru/Suprime-Cam imaging with the IA679 filter. Blue contours illustrate the rest-frame UV emission
detected with the HST/WFC3 F125W filter, while green contours show the far-infrared (ALMA band 7) emission (see Gómez-Guijarro et al.
2018). Contour levels start at the 3� level and increase logarithmically. The component "F" is a foreground galaxy at z = 1.41 (Capak et al. 2008)
and hence absorbs Ly↵ emission from the J1000+0234 complex. The white rectangle shows the locus of the slit used to obtain optical spectroscopy
with Keck/DEIMOS (Capak et al. 2008). Right panel: azimuthally averaged Ly↵ surface brightness (red solid line) of J1000+0234�S. The UV
continuum emission (blue dots) has been convolved with the PSF of the IA679 image and re-scaled to the Ly↵ emission profile to aid the visual
comparison. The error bars illustrate the 1� uncertainty of the integrated flux within the annulus. The green line shows the Gaussian component
fit to the Ly↵ surface brightness radial profile, which suggests that the peak of the emission is o↵set by ⇠ 0.5 arcsec with respect to the rest-frame
UV light. The gray region signalizes the negative o↵set of the radial profile.

⇠500 M� yr�1 (Gómez-Guijarro et al. 2018). A strong, double-
peaked [C II] 158 µm emission line was detected with ALMA
at the position of J1000+0234�N (at z = 4.540), indicating
that this is a single, rapidly rotating disk with a dynamical
mass of log(Mdyn/M�) ⇠ 11.6 (Jones et al. 2017). The south-
ern component, J1000+0234�S, is ⇠10 times less massive than
J1000+0234�N. Yet, it emits the bulk (⇠ 75%) of the rest-frame
UV emission observed with HST, consistent with the fact that no
dust continuum (nor [CII] line) emission has been detected to-
wards this component (Capak et al. 2008; Gómez-Guijarro et al.
2018). The UV emission suggests a star formation rate (SFR) of
148±8 M� yr�1 and a UV slope (�) of �2, as expected for LBGs
at similar redshift (Gómez-Guijarro et al. 2018, and references
therein).

3. Keck spectroscopy and Subaru imaging

We use the optical spectra obtained by Capak et al. (2008) with
the DEIMOS instrument mounted at the Keck II telescope. Eight
spectra of 1800s exposure time each, i.e. 4hrs total integra-
tion, were obtained in January 2007 under good atmospheric
conditions (seeing=0.4 � 0.6 arcsec, airmass=1.25). The slit
of 1 arcsec width was centered at the position of the bright-
est UV component, corresponding to J1000+0234�S, and set at
PA = �87� (see Fig. 1). Data reduction was performed with a
modified version of the DEEP2 DEIMOS pipeline (Capak et al.
2008). Based on the skylines in the spectrum, a spectral reso-
lution of FWHMsky = 3.3Å is measured; which translates into
⇠ 145 km s�1 at the locus of Ly↵ line.

We also employ optical imaging obtained with the Suprime-
Cam mounted at the Subaru telescope as part of the “Subaru
COSMOS 20 project” (Taniguchi et al. 2015). In particular,

we use the intermediate-band filter IA679 centered at �e↵ =
6781.1Å (FWHM= 335.9Å, PSF=1.58 arcsec), since it covers
the Lyman-alpha line at the redshift of J1000+0234. Following
the procedure of narrow-band surveys (e.g., Villar et al. 2008;
Gómez-Guijarro, Carlos et al. 2016), we subtract the adjacent
continuum using the broad-band filter Subaru r+, isolating the
line flux (see Fig. 1).

4. Data Analysis and Results

4.1. Surface brightness radial profile

In Fig. 1, we overlay the rest-frame UV continuum emission
from the HST/WFC3 (Gómez-Guijarro et al. 2018, F125W) with
the extended Ly↵ line emission revealed by the Subaru/Suprime-
Cam imaging (IA679). A visual inspection reveals strong
Ly↵ emission exhibiting a “ring-like” shape around the low-
mass SFG J1000+0234�S. The Ly↵ emission does not spa-
tially correlate with the massive, dust-enshrouded component,
J1000+0234�N, that is o↵set by a projected distance of ⇠ 6 kpc
from the satellite galaxy. Faint UV emission is also detected to-
wards a foreground system (z = 1.41; Capak et al. 2008); this is
seen in projection at ⇠ 1.5 arcsec east to J1000+0234�S where,
as expected, Ly↵ emission is absorbed.

To better compare the spatial extent and distribution of the
UV and Ly↵ emission, we derived their azimuthally averaged
surface brightness profiles (right panel of Fig. 1). We used con-
centric, one-pixel-wide annuli centered at the pixel containing
the brightest rest-frame UV emission of J1000+0234�S. For vi-
sualization purposes only, we convolved (and re-scaled) the UV
surface brightness distribution to match the instrumental broad-
ening (and normalization) of the Ly↵ radial profile. This anal-
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Prominent Lyα emission is concentrically distributed 
around J1000+0234−S

HST  +  Subaru   + ALMA

Fraternali et al.: Fast rotating and low-turbulence discs at z ' 4.5

Fig. 4. [C II] 158-µm observations and modelling of J1000+0234. Top left panel: HST WFC3 F160W image with overlaid the [C II] 158-µm
total-flux map contours. Top middle panel: Total-flux map (green shape and black contours) of the [C II] emission, the lowest contour is at about 3
times the r.m.s. noise in this map and the other contours are at 2, 4 and 8 times this level. In red we show the outer contour of the total-flux map of
the best-fit model obtained with 3DBarolo (convoluted with the observational beam, shown in the bottom right corner). Top right panel: Velocity
(weighted-mean) field of the [C II] 158-µm line. Bottom left panel: Position-velocity diagram along the kinematic major axis of the galaxy (grey
line overlaid on the velocity field), the data are in green shade and contours, while the 3DBarolo model is in red contours. Contour levels are at
�2, 2, 4 and 8 times the r.m.s. noise per channel. Bottom centre panel: Position-velocity diagram along the kinematic minor axis of the galaxy
displayed analogously to the major-axis plot. Bottom right panel: Velocity (weighted-mean) field of the best-fit 3DBarolo model.

As for AzTEC/C159, the presence of only three (and not
fully independent) points does not allow for a full decomposi-
tion of the rotation curve (Cimatti et al. 2019). However, it is
very instructive to calculate the contributions of the various mat-
ter components. As mentioned, the stellar mass of J1000+0234
is largely unconstrained as there are two very di↵erent determi-
nations in the literature. The stellar size cannot be determined
directly being the source heavily absorbed in the HST bands and
essentially unresolved by Spitzer at NIR wavelengths (Smolčić
et al. 2015). Therefore, as for AzTEC/C159, we used the FIR
e↵ective radius Re = 700 pc (Gómez-Guijarro et al. 2018), mul-
tiplied by 1.4 to convert to an approximate optical rest-frame
e↵ective radius (Fujimoto et al. 2017) and divided by 1.678 to
have an exponential scale-length Rd. This leads, for the two val-
ues of stellar masses, to the shaded orange area in Fig. 6. Thus,
the inner point of the rotation curve could be reproduced by a
stellar component if the stellar mass is on the high side of the
range (Table 2).

For the gaseous disc we used the [C II] 158-µm zeroth mo-
ment map to obtain an exponential scale-length Rgas = 1.5 ±
0.2 kpc, from Galfit (Peng et al. 2010). We calculated the con-

tribution to the rotation curve of this component and found
that, in order to reproduce the outer point at 3.3 kpc, the gas
mass has to be significantly larger than the estimate of Schin-
nerer et al. (2008) of 2.8 ⇥ 1010

M�. This estimate was ob-
tained from CO (J = 4 ! 3) using a low ↵CO factor (0.8
M�(K km s�1 pc2)�1) that is likely not appropriate for an object
like J1000+0234 (Papadopoulos et al. 2012; Jiménez-Andrade
et al. 2018). The top panel of Fig. 6 shows the contribution of
a gaseous disc with a mass Mgas = 1 ⇥ 1011

M�, within the ex-
tent of the [CII] disc (R ⇡ 4 kpc).2 This corresponds to a ra-
tio between [C II] luminosity and gas mass (both in standard
units), ↵[C II] ⇡ 6 (using the luminosity L

0 in Carilli & Walter
2013), in agreement with values determined for other high-z star-
bursts (Gullberg et al. 2018). Note also that a similar gas mass
for J1000+0234 and AzTEC/C159 is in line with their similar
dust masses (Smolčić et al. 2015) and [C II] luminosities (Ta-
bles 1 and 2). All these considerations indicate the gas mass of
J1000+0234 is likely ⇡ 1 ⇥ 1011

M�.

2 Note that, given that the scale-length is quite large (Rgas = 1.5 kpc),
there is significant mass beyond R ⇡ 0.600 ⇡ 4 kpc, the total mass of the
extrapolated exponential profile is ' 1.37 ⇥ 1011

M�.
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Fig. 6. Top panel: Rotational velocities measured in J1000+0234 (red
points) compared to contribution of di↵erent components. This com-
parison is illustrative and not fitted to the data point. Orange lines and
shade: contribution of the stellar component given two estimates of stel-
lar mass present in the literature. Green solid curve: contribution of the
gas disc, assumed exponential and derived from the [C II] 158� µm dis-
tribution (panel below). Grey dashed curve: contribution by a dark mat-
ter halo given by an NFW profile with a mass of M200 = 5 ⇥ 1012 M�.
Black lines and shade: total contribution of all the mass components.
Bottom left panel: Surface density profile of the [C II] 158� µm emis-
sion. The dashed curve shows an exponential profile with scale-length
Rd = 1.5 kpc and the green curve shows its convolution with the
observational beam. Bottom right panel: [C II] velocity dispersion in
J1000+0234.

fast rotating gas discs with relatively low velocity dispersion and
V/� values comparable to z = 0 spiral galaxies. In the following
sections we investigate more thoroughly the value of the veloc-
ity dispersion by analysing a datacube of AzTEC/C159 at very
high spectral resolution. Moreover, we discuss possible evolu-
tion scenarios for these galaxies that emerge from this dynamical
analysis.

5.1. The [C II] velocity dispersion in AzTEC/C159

The [C II] disc of AzTEC/C159 is seen at a relatively low in-
clination with respect to the line of sight. This makes its rota-
tional velocity quite sensitive to small variations of inclination
and so relatively uncertain (see error bars in Fig. 3). However,
the gas velocity dispersion is, in principle, in these situations,
robustly measured. In order to obtain such measure, we have
used 3DBarolo that allows us to proper account for beam smear-
ing (see Section 4). We obtained values of about 40 km s�1 with,
however, very large uncertainties due to the fact that our dat-
acube (Table 3) has a velocity resolution of 28 km s�1, which
makes it very di�cult to measure reliably dispersions around
that value.

We have thus produced a high spectral resolution datacube
with a channel separation of 10.3 km s�1. This reduces that S/N
per channel but it allows still for a reliable kinematic fit. Fig.
7 shows the emission in this cube through p-v diagrams along
and perpendicular to the major axis, analogous to those shown

in Fig. 1. The pattern of rotation is very clear as in the low reso-
lution datacube, but the emission tends to break apart in the mid-
dle channels close to systemic velocity due to the low S/N. The
quality of the fit obtained with 3DBarolo (shown in red contours)
appears very good also at these high resolutions. This fit returns
an extremely low velocity dispersion �gas = 16 ± 13 km s�1 (av-
eraging the two rings), again of the order of the channel reso-
lution. These low values of velocity dispersion are robust over
any initial guesses for the fit, which we made vary between
�guess = 10 km s�1 and �guess = 300 km s�1. The values of the
rotation velocity obtained with this high resolution datacube is
fully compatible with those presented in Section 3.

To further test the reliability of the above fit we run 3DBarolo
turning on the spacepar keyword. This allows the user to ex-
plore the full parameter space of two parameters by calculating
the residual (|model-data|) in a grid with arbitrary spacing. Nat-
urally, we used as free parameters the rotation velocity (vrot) and
the velocity dispersion (�gas) and explore a large space around
the best-fit values above determined. This exploration is done
for the two rings separately and the final result is shown in Fig.
8. There we see the values of the residual for any pair of vrot
and �gas in a range of about 200 km s�1 in each direction. It is
clear that the exploration of both rings shows a well-defined ab-
solute minimum and there is no sign of a secondary minimum.
The contours show regions where the residuals are at 2, 5, and
10 times the absolute minimum. The favoured models are clearly
at vrot ⇡ 500 km s�1 and �gas <⇠ 20 km s�1 in agreement with the
best-fit values above determined.

The gas velocity dispersion of the SMG AzTEC/C159 is sur-
prisingly low if compared to values determined by other authors
and expectation from numerical simulations (Zolotov et al. 2015;
Pillepich et al. 2019). From the observational side, our result is
a combination of two improvements with respect to other works
as 1) we used 3DBarolo to fully account for the beam smear-
ing and 2) we used a datacube at very high spectra resolution
(⇡ 10 km s�1). From the theoretical side it is useful to estimate
whether such a low dispersion can be expected from simple ar-
guments.

We assume that the velocity dispersion that we measure
for the [C II] is representative of the cold molecular ISM of
AzTEC/C159, which has total mass Mgas ' 1.5⇥1011 M� (Table
1). Given the SFR of this SMG of 740 M� yr�1 one would expect
a supernova (SN) rate of about SNR = 7 SN yr�1. The energy
input from SNe that can feed turbulence is

ĖSN ' 2.3 ⇥ 1043
✓ ⌘
0.1

◆  SNR
7 SN yr�1

!
erg s�1, (1)

where we have taken the standard total energy per SN of 1051 erg
and an e�ciency of transferring kinetic energy to the ISM of
10% (Chevalier 1974; Ohlin et al. 2019). The total turbulent (ki-
netic) energy of the gas disc of AzTEC/C159 can be simply es-
timated as

Eturb =
3
2

Mgas�
2
gas, (2)

where �gas is the gas velocity dispersion that we can expect to
measure and the factor 3 comes from the fact that this dispersion
is along the line of sight. Turbulence is dissipated on timescales
of ⌧ ⇡ h/�gas (Mac Low 1999), where h is the scale-height of the
disc that unfortunately is unknown and we assume it to be in the
range h = 100-500 pc. To maintain turbulence at the observed
value, SNe must provide energy at the rate Ėturb = Eturb/⌧. By
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J1000+0234−N harbors a regularly rotating disk at z=4.5

Asymmetric, multi-component Lya profile — galaxy-scale outflows? Evidence 
of supernovae feedback (expanding-shell) in J1000+0234−S?

J1000+0234 is a galaxy pair at z=4.5: J1000+0234−S is a low-mass SFG  (log(M⋆/M⊙)~9) neighboring the 
SMG J1000+0234−N.

 

Capak et al. 2008

ALMA [CII]

Fraternalli et al. 2020
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The “birth” of a local quiescent galaxy caught in the act?

F. Fraternali et al.: Fast rotating and low-turbulence discs at z ' 4.5

relatively low e�ciency of energy transfer to the ISM (of a few
percent). Recent similar estimates, carried out in local galaxies,
indeed show that only a few percent of the supernova energy
goes to the feeding of the ISM turbulence (Bacchini et al. 2020).

In this context, it is important to point out that a veloc-
ity dispersion of ⇡20�30 km s�1, although lower than other
literature determinations, is still quite large considering that
the [C II] 158-µm line is tracing a rather cold component of
the ISM. In local galaxies, molecular gas has typical velocity
dispersions of ⇡5 km s�1 (Marasco et al. 2017; Koch et al. 2019;
Bacchini et al. 2020), while atomic neutral gas has ⇡10 km s�1

(e.g. Tamburro et al. 2009; Bacchini et al. 2019). Thus the gas
velocity dispersions that we are measuring in our high-z starburst
galaxies are higher than those of z = 0 discs, but not exceed-
ingly so.

In the above analysis, we have focused on AzTEC/C159,
which gives the most reliable measure of the velocity dispersion.
The high inclination of J1000+0234 is, instead, likely broaden-
ing the line profiles, an e↵ect that 3DBarolo can only partially
compensate for (Di Teodoro & Fraternali 2015). Moreover, the
large uncertainties in SFR and gas mass (Table 2) would make
the above calculation not very predictive since Eq. (3) returns
values in the range 14�100 km s�1 for ⌘ = 0.1.

4.3. Evolution of high-z starbursts

Massive starburst galaxies at z ⇡ 4 are believed to be the pro-
genitors of massive ETGs (e.g. Toft et al. 2014). This expec-
tation is mostly based on the extremely high SFRs combined
with high stellar and gas masses. The depletion time of these
galaxies is typically significantly less than 1 Gyr, pointing to
the possibility that the whole stellar population can be formed
before, say, z ⇡ 2�3 and that the galaxy will eventually evolve
passively and through dry mergers. Massive ETGs at z ⇡ 2 are
indeed observed, with stellar masses comparable to local ETGs
and rather compact sizes (e.g. Cimatti et al. 2008; Cappellari
2016). Our results allow us to test this evolutionary hypothesis
dynamically.

The kinematics and dynamics of local ETGs are typi-
cally studied using stellar absorption lines (Thomas et al. 2007;
Cappellari et al. 2013; Corsini et al. 2017; Zhu et al. 2018).
However, some ETGs have cold gas that allows a variety of
kinematic studies (Davis et al. 2011a; Serra et al. 2014; Shelest
& Lelli 2020). In particular, it is relatively common for ETGs
(roughly 20% of cases) to have central compact discs of molec-
ular gas with typical sizes of ⇠1 kpc that allow us to probe the
gravitational potential in the inner regions (Davis et al. 2013).
These discs often show regular rotation patterns displayed by the
global profiles (Davis et al. 2011b) and by resolved observations
(Young 2005; North et al. 2019). It has been shown (Davis et al.
2016) that these CO discs fulfil the ETG analogue of a stellar-
mass Tully-Fisher relation (Tully & Fisher 1977). We show this
relation in Fig. 9 for the sample of galaxies in Davis et al. (2016).
We note that the velocities were slightly revised due to bet-
ter determinations of the inclinations of the discs (Davis, priv.
comm.) and that the masses are determined from the K-band
luminosity assuming a mass-to-light ratio M/L = 0.5 M�/L�,K .
In the same figure, we also include our two high-z starbursts.
For their rotation velocities, we used the values that we obtained
from their [C II] discs, which are similar in size to the CO discs
in local ETGs. For the stellar masses, we used the estimated stel-
lar mass (empty symbols), and we estimated their ‘final’ mass by
assuming that they will convert all their gas into stars (filled sym-
bols). For J1000+0234, we used an average stellar mass between

Fig. 9. Stellar-mass Tully-Fisher (analogue) relation for ETGs at z = 0
from Davis et al. (2016) compared with the positions of our starburst
galaxies at z ⇡ 4.5. In the local ETGs, the rotational speed is derived
from the inner CO discs, while in our galaxies it is obtained from
the [C II] line. The empty symbols show the positions of our galax-
ies based on the observed stellar mass, while the filled symbols show
their positions assuming that all the observed gas mass is converted into
stars.

the two estimates (Table 2) and the gas mass that we determined
through the rotation curve decomposition (Sect. 3.4). After the
conversion of gas into stars, our two high-z starbursts appear to
fully overlap with the local ETGs.

A number of considerations can be drawn from the compar-
ison presented in Fig. 9. First, it appears that the inner potential
well of our galaxies at z ⇡ 4.5, quantified by their circular speed,
is indeed comparable with that of the most massive ETGs that we
observe today. Second, the conversion of the gas mass into stel-
lar mass, which is expected to occur in a few hundred megayears
(depletion time), can make these galaxies lie in the same scal-
ing relation as massive local ETGs. We note that although we
are unable to give a precise quantification of the stellar e↵ective
radius of our galaxies, it is likely that they will be smaller than
those of local ETGs that have the same stellar mass (van der Wel
et al. 2014; Cappellari 2016), as was shown by Gómez-Guijarro
et al. (2018) using the FIR sizes. Thus, the e↵ective radius of
these galaxies will likely grow with time, which will also have
potential consequences on the precise value of the inner circular
speed. However, in general terms, we can envisage a scenario in
which our galaxies convert all their gas into stars, go through a
quenching phase (e.g. Peng et al. 2010b), and then evolve pas-
sively and through mergers to be observed today at the massive
end of the ETGs.

The most puzzling aspect of the above scenario is the
extremely fast rotation velocity that we measured. On the one
hand, there is no surprise that the circular speed in these high-z
starbursts is 500 km s�1 because it is also the case for the most
massive local ETGs. On the other hand, however, we observe a
very large mass (⇠1011

M�) of gas rotating at that speed; when
this gas is turned into stars, it is conceivable to imagine that
these stars will rotate very fast. Thus, we should end up with an
extremely massive and compact rotation-supported stellar disc.
Stellar discs with similar properties have been found in a some

A194, page 11 of 13

J1000+0234-N appears to have potential wells that are 
very similar to those of local massive ETGs.  

Fraternali et al. (2021)

star-forming galaxies, the so-called main sequence (MS) of
star formation (e.g., Daddi et al. 2007; Elbaz et al. 2007;
Noeske et al. 2007). Strong outliers to the MS are present
at all redshifts, and this is often used as a formal definition
of starburst galaxies. These systems exhibit elevated specific
star formation rates (sSFRs) compared with typical MS
galaxies. For the components with ALMA detection, from
the total SFRIR+UV and stellar masses, we obtain
sSFR=2.5–100 Gyr−1. Considering the MS as defined in
Schreiber et al. (2015), the distance to the MS is in the range
sSFR/sSFRMS=0.5–22, calculated at the redshift of each
source. Consequently, all of the sources studied here would
formally fall into the starburst regime, with AK03 on the MS
but also consistent with the starburst region, given its large SFR
uncertainty (see Figure 5). If an important fraction of the stellar
mass is undetectable hidden beneath the dust, the objects will
move toward smaller distances to the MS, as represented by the
bottom arrows in Figure 5.

6. Stellar Mass–Size Plane: Evolution to cQGs

The similar stellar mass and rest-frame optical/UV size
distribution of z>3 SMGs and cQGs at z∼2 have been used
to argue for a direct evolutionary connection between the two
populations (Toft et al. 2014). However, the stellar mass builds
up in the nuclear starburst. At the derived SFR and stellar mass
for our sample, approximately half of the descendant stellar
mass would be formed during the starburst phase. The FIR size
traces the region where the starburst is taking place; thus, it is
the relevant measurement to compare to the optical size in the
descendant 1–2 Gyr later, as it is the best proxy for the location
of the bulk of the stellar mass once the starburst is finished.

In Figure 6, we compare the stellar masses and rest-frame
FIR effective radii for our sample of SMGs to the stellar masses
and rest-frame optical effective radii measured for spectro-
scopically confirmed cQGs at 1.8<z<2.5 (samples from van
de Sande et al. 2013; Krogager et al. 2014; Belli et al. 2017).
Note that the optical sizes in these cQG comparison samples
were also obtained by fitting the two-dimensional surface

brightness distribution with GALFIT, as we did for the FIR
sizes of our SMG sample.
The SMGs appear offset to smaller stellar masses and sizes

than the cQGs, with approximately the same scatter. The median
stellar mass of our SMGs is M Mlog 10.49 0.32* =:( ) ,
compared to M Mlog 11.07 0.08* =:( ) for the cQGs. The
median rest-frame FIR size for the SMGs is re = 0.70± 0.29 kpc,
compared to a rest-frame optical size of re = 1.61 ± 0.68 kpc for
the cQGs. The SMGs would have to increase in both stellar mass
and size to evolve into z ∼ 2 cQGs.
In the following, we discuss whether such an evolution is

plausible, given the observed properties of the SMG sample.
As the galaxies are undergoing starbursts, they will grow

significantly in stellar mass before quenching. Toft et al.
(2014) derived a depletion timescale of τgas=42−0.29

+0.40 Myr for
the number density of z  3 SMGs and cQGs at z∼2
to match. Assuming this number, at their current median
SFRIR+UV=920 Me yr−1, the stellar mass is expected to
increase by a factor of ∼2.24 (∼0.35 dex). Star formation is not
expected to increase the sizes significantly. The sizes of the
remnants are, however, foreseen to grow due to ongoing minor
mergers.
The median stellar mass ratio of the ongoing minor mergers

is 6.5, and the average number of them is 1.2. Taking these
mergers into account, the expected increase in stellar mass is
∼2.43 (∼0.39 dex). Adopting the simple models of Bezanson
et al. (2009) for size growth due to minor mergers, the
remnants are expected to grow by a factor of ∼1.39
(∼0.14 dex).
Simulations suggest a typical minor merger timescale of

0.49± 0.24 Gyr (Lotz et al. 2010). This provides sufficient
time for the mergers to complete in the range z∼4.5–3.5 while

Figure 5. The SFR–M* plane. Our sample (colored symbols) lies above the
MS of star-forming galaxies as defined by Schreiber et al. (2015; plotted at
z=4.5 for reference and converted from Salpeter to Chabrier IMF). A 0.3 dex
(2 times) scatter around the MS is represented by the gray shaded region. The
bottom arrows indicate the estimated increase in the derived stellar masses if a
fraction is obscured by the dust (log DTS 1.8~ - from Popping et al. 2017c,
solid arrow; log DTS 2.83= - from Calura et al. 2017, dashed arrow).

Figure 6. Stellar mass–size plane location of the SMG sample in this work
(black filled circles), along with z∼2 cQGs (red filled symbols) from van de
Sande et al. (2013; diamonds), Krogager et al. (2014; squares), and Belli et al.
(2017; triangles). The black solid arrow at the bottom right indicates the
expected evolution of the SMG sample, accounting for the stellar mass growth
through the derived SFRIR+UV over a dusty circle of 42 Myr and minor merger
contribution and in size via minor mergers. The dashed arrow indicates the
predicted evolution from a potential scenario with longer depletion timescales
of 100 Myr and larger sizes assuming a [C II] size proxy for the effective star-
forming region. For comparison, the local mass–size relation from Newman
et al. (2012) is shown as a solid line, along with SDSS local massive quiescent
galaxies as gray contours (Shen et al. 2003). All plotted data were converted to
a concordance cosmology [ΩΛ, ΩM, h]=[0.7, 0.3, 0.7] and Chabrier IMF
when needed.
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SMGs

z~2 cQGs

Local ellipticals 

J1000+0234 will grow to a stellar mass and size 
typical of compact, quiescent galaxies at z~2: the 

progenitors of the local elliptical galaxies. 

Key aspects of J1000+0234
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MUSE observations towards J1000+0234

J1000+0234 with MUSE 3
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Figure 1. Left panel: Three-color image of the MUSE data cube obtained towards J1000+0234. The pseudobands used to create this RGB image have been
defined as “red" (4875Å-6125Å), “green” (6125Å-7375Å), and "blue" (7375Å-8625Å). The red square illustrates the zoomed-in region shown in the right
panel, which displays the optimally extracted surface brightness (SB) maps of detected LyU_1216 emission of J1000+0234. The blue contours show the
rest-frame UV continuum emission detected by MUSE, while the orange contours illustrate the far-infrared (FIR) continuum emission revealed by ALMA
(Gómez-GuÚarro et al. 2018). The UV and FIR emission contours are at 3, 5, 8, and 13 times the rms noise level. The thin white contour indicates the SNR =
3 isophote of the LyU_1216 SB map. The locus of the foreground "Fg" galaxy (I = 1.41; Capak et al. 2008) exhibiting UV continuum emission is indicated
by the white arrow.

and sky subtraction using CubeFix and CubeSharp. We combine
the individual exposures using CubCombine that applies an average-
sigma clipping method. Because half of the exposures were a�ected
by artificial light contamination at the red end of the spectrum
(> 8000 Å), we created two di�erent data cubes with CubCom-
bine. The first data cube only contains “clean" exposures ("clean-
exp" data cube hereafter) that account for 50 percent of all the
available data. It is, therefore, suitable for identifying C��_1550
and He��_1640 at the expected observed wavelength of 8560 Å
and 9086 Å , respectively. The second data cube, hereafter "all-
exp" cube, contains all the exposures, regardless if they are af-
fected or not by the issue mentioned above. The e�ective/clean
spectral region of this data cube is 5000 � 8000 Å , allowing us to
probe LyU _1216 emission at the expected observed wavelength of
6742 Å . Within an aperture of 1 arcsec2, the achieved depth is ⇡2.0
and 1.4 ⇥ 10�20erg s�1 cm�2 arcsec2 per layer (at 6650 Å) for the
"cleanexp" and "allexp" data cube, respectively. Both data cubes
have a spectral resolution of 1.25 Å and pixel scale of 0.2 arcsec.

3.2 Continuum subtraction and three-dimensional signal
extraction

The relative astrometry of MUSE data cubes is accurate
(⇡0.05 arcsec noise rms), yet the "absolute" world coordinate sys-
tem (WCS) can be o� by a few arcsec. To calibrate the WCS of the
“allexp” and “cleanexp” cubes, we use the position of bright point-
like sources in the cubes and cross-match them with the coordinates
inferred from HST imaging. For both data cubes, we find that their
WCS is o�set by 0.79 and 1.95 arcsec along the right ascension and
declination axis, respectively.
We use the routine CubeBKGSub from the CubEx package to subtract
the continuum of both cubes. We first mask the following spectral
regions that exhibit evidence of line emission: 6725–6800Å (around
LyU _1216), 8572–8612Å (around C��_1550), and 9071–9111Å

(around He��_1640). Then, we apply median filtering along the
spectral axis using windows of 100 and 40 pixels for the LyU _1216,
and C��_1550/He��_1640 spectral cube, respectively. We also
smooth the resulting continuum across two neighboring spectral
bins.
A sub-cube that contains the spectral region around LyU _1216
emission is extracted from the continuum-subtracted “allexp” cube.
This encompasses the layers/channels from 1580 to 1700, corre-
sponding to the wavelength range of 6673.63–6823.63 Å. Similarly,
two sub-cubes that cover the wavelength range around C��_1550
(channels 3050-3180; 8510.8–8672.06 Å) and He��_1640 (chan-
nels 3495–3535; 9067.1–9117.1 Å) lines are extracted from the
continuum-subtracted “cleanexp" cube. We execute CubEx on the
subcube containing LyU _1216, line emission using the following
configuration. We set RescaleVar= true to re-scale the original vari-
ance in the cube using the variance estimated layer by layer. We
adopt FilterXYRad=2 to apply a Gaussian filter along the spatial
direction using a 2-pixels radius. No Gaussian filter is applied along
the wavelength direction (i.e., FilterZrad=0). For the detection,
we set a voxel individual threshold in signal-to-noise ratio (SN-
Thereshold) of 2.5 and a minimum number of voxels (MinNVox)
of 500. No minimum number of spatial/spectral pixels is adopted
for detection (i.e., MinArea=0 and MinDz=0). We also mask the
noisy edges of the data cube using XYedges=30 pixels (6.000). All
the other parameters are set to the default values given by CubeEx.
Finally, to optimize the three-dimensional detection of the faint
and compact C��_1550 and He��_1640 emission, we run CubEx
using MinNVox=100. The parameters RescaleVar, FilterXYRad=,
FilterZrad, SN-Thereshold, MinArea=0, and MinDz are set to the
same values used to detect LyU _1216 emission.

MNRAS 000, 1–16 (2015)

4 hours of VLT/MUSE observations as part of the ESO GTO Program 0102.A-0448 (PIs: S. Cantalupo and S. Lilly). 

+ Serendipitous discovery of several z > 3 pairs of Lya emitters.
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A tomography of Lya emission of the J1000+0234 nebula at z=4.5 
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J1000+0234 in the context of the general population of Lya blobs

Ouchi et al. 2020

J1000+0234

The Lya nebula around J1000+0234 has a total extent and luminosity typical of LABs.  

This is unlikely to be an individual Lya halo around  J1000+0234-S (our initial guess).
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2D emission line maps4 E.F. Jiménez-Andrade et al.
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Figure 2. Optimally-extracted SB maps of LyU_1216 (left panel), C��_1550 (middle panel), and He��_1640 (right panel) emission of J1000+0234. In the
case of C��_1550 and He��_1640, we apply a spatial boxcar smoothing (2 ⇥ 2 pixels) to the cube before producing the SB maps (using the option -boxsm in
CubEx). The thin white contours indicate the SNR = 3 isophote. The blue contours show the rest-frame UV continuum from the HST/F160W imaging and the
lime contours display the 3 GHz radio continuum emission at 0.0075 resolution (SmolÃi∆ et al. 2017). These contours are at 3, 4, 5, and 6 times the rms noise
level. There are three prominent UV sources within the extended LyU blob: a southern component associated with a low-mass SFG (J1000+0234�South: JS),
a northern UV emitting source linked to a massive SMG (J1000+0234�North; JN) with a 3 GHz radio counterpart, and a foreground “Fg" galaxy at I = 1.41
(Capak et al. 2008; Gómez-GuÚarro et al. 2018). While the brightest LyU_1216 region matches the locus of the low-mass SFG, the brightest C��_1550
region is coincident with the SMG position. He��_1640 emission is maximal at the position of a compact 3 GHz radio source that has a faint UV counterpart.

Table 1. Properties of LyU_1216, C��_1550, and He��_1640 emission lines of J1000+0234 derived from our 3D line extraction procedure described in § 4.

Emission line RA DEC Proj. area Iso Flux Line luminosity
[hh:mm:ss.sss] [dd:mm:ss.ss] [arcsec2 / kpc2] [⇥10�17erg s�1 cm�2] [⇥1042erg s�1]

LyU 10:00:54.510 02:34:34.27 42.9 / 1853 19.79 ± 0.15 41.17 ± 0.31
C��_1550 10:00:54.509 02:34:35.94 3.7 / 159 0.37 ± 0.03 0.76 ± 0.07
He��_1640 10:00:54.478 02:34:35.18 5.5 / 238 0.27 ± 0.03 0.57 ± 0.06

4 RESULTS

To explore the spatial distribution of the LyU _1216, C��_1550,
and He��_1640 emission lines, we obtain surface brightness (SB)
maps with the task cube2im (see Figure 2). We use the idcube
inferred by CubEx while perfomring the 3D line extraction pre-
sented in § 3.2. Such an idcube contains the three-dimensional
masks associated with the source/line of interest. We also employ
the task cube2spc to derive the 1D spectra of the LyU _1216,
C��_1550, and He��_1640 emission lines (see Figure 3). Because
in deriving these 1D spectra we only consider the voxels in the
three-dimensional masks, i.e., voxels with su�ciently high signal-
to-noise ratio (SNR > 2.5), we deem these spectra as “optimally-
extracted”. The key properties of the LyU _1216, C��_1550, and
He��_1640 emission lines reported in the CubEx catalogs are pre-
sented in Table 1. These are discussed in more detail in the following
paragraphs.

4.1 LyU emission line

In the left panel of Figure 2, we overlay the rest-frame UV continuum
emission from the HST/F160W imaging (with a ⇡ 0.002 resolution;
Gómez-GuÚarro et al. 2018) over the velocity-integrated LyU _1216
line emission map of J1000+0234. This overlay indicates that the

brightest LyU _1216 emitting region spatially correlates with the
brightest UV component of the J1000+0234 complex. Interestingly,
the rest-frame UV emission is elongated along the same direction
of the LyU _1216 nebula. This is further verified by the spatial dis-
tribution of the rest-frame UV continuum emission from the MUSE
imaging (see the right panel of Figure 1). This UV-bright, low-
mass SFG that we identify as JS (⌘J1000+0234�South) appears to
be linked to the ionizing source of the extended LyU _1216 emis-
sion (see Section 5). Our extraction procedure with CubEx indicates
that such a LyU blob extends over a projected area of 42.9 arcsec2

⇡ 1853 kpc2. With a maximum linear projected size of ⇡ 43 kpc,
the LyU blob around J1000+0234 is among the most compact LyU
nebulae detected thus far (Figure 4), which further supports earlier
indications that I & 4.5 LyU nebulae are significantly smaller than
those at lower redshifts (Ginolfi et al. 2018, see their Figure 6), hint-
ing at a possible relation between the extent of LyU nebulae and the
size of their host dark matter halos.

The observed (optimally-extracted) flux of �
obs
LyU = 19.79 ±

0.15 ⇥ 10�17erg s�1 cm�2 leads to a total line luminosity of
�

obs
LyU = 40.17 ± 0.31 ⇥ 1042erg s�1, assuming I = 4.545 ± 0.0002

(see the following Section), which sets J1000+0234 at the faint
end of the luminosity distribution of LyU nebulae around QSO,
Type II AGNs, and high-redshift radio galaxies (Figure 4). The 1D

MNRAS 000, 1–16 (2015)

The brightest Lya region matches the locus of the low-mass SFG.
The brightest CIV region is coincident with the SMG position. 

HeII emission is maximal at the position of a compact 3 GHz radio source that has a faint UV counterpart. 

What is driving the LAB?
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What is driving the extended Lya nebula?

J1000+0234 with MUSE 11
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Figure 9. Upper panels: Spatial distributions of the C��/LyU and He��/LyU SB ratios. The white contour delimits the region where C�� or He�� is detected
at a SNR > 3. The pixel values outside the white contours are 1f upper limits to the C��/LyU and He��/LyU SB ratios (see text for details). Lower panels:
Spatial distribution of the 1f uncertainties of the C��/LyU and He��/LyU SB ratios. The regions with the highest C��/LyU and He��/LyU ratios are located in
the vicinity of J1000+0234�North (JN): a massive SMG, with signatures of AGN activity, that has a UV and 3 GHz radio counterpart. The lowest C��/LyU
and He��/LyU SB ratios, with a 1f upper limit of ⇡ 0.003, are located at the locus of J1000+0234�South (JS): a low-mass SFG that is bright in the UV and
no signatures of AGN activity.

5.2 LyU kinematics

The 1D spectrum of the J1000+0234 system (Figure 3) reveals a
wide, multi-peaked, and asymmetric LyU _1216 line profile that
hints at complex and perturbed gas kinematics of a nebula or mul-
tiple structures with distinct peculiar velocities. To disentangle the
contributions from these two scenarios we combine information
from our LyU _1216 emission map with our He��_1640 line detec-
tion and the inferred He��/LyU line ratios (see Section 5.1).

At first glance, the integrated LyU _1216 line profile of the
J1000+0234 nebula resembles the expected profile of an expanding
thin shell of neutral gas: one small blue-shifted wing, one narrow
emission peak centered nearly at the systemic velocity, a red-shifted
peak, and one extended red wing (e.g., Verhamme et al. 2006;
Orsi et al. 2012). According to this model, the wide and asymmetric
LyU _1216 line profiles are a result of galactic-scale outflows driven
by a central source (e.g., Taniguchi & Shioya 2000; Dawson et al.
2002; DÚkstra & Loeb 2009). While photons experiencing multiple
backscatterings produce an extended and redshifted wing, the exter-
nal and expanding neutral H� gas along the line of sight absorbs the
blue velocity component. This highly idealized model of a galaxy-
scale expanding shell of neutral hydrogen around a central source
is, however, at odds with the He��/LyU line ratio that can be as high
as 0.3 that points towards recombination-driven LyU _1216 line
emission that follows the ionization from an AGN/starbursts (see

Section 5.1). Moreover, by extracting and inspecting the LyU _1216
line profile at di�erent spatial locations of the nebula (see left panels
of Figure 11), we find no strong variations in the central wavelengths
of the prominent blue and red peaks. This finding is, again, in con-
flict with the expanding shell model, because the location of the
peaks varies as a function of the di�erent H� column density, cov-
ering factor, and expansion velocity (Gronke & DÚkstra 2016) that
one may expect from the di�erent regions of the H� shell on the
plane of the sky. We thus disfavor the scenario of an expanding
shell of neutral gas leading to a broad and multi-peaked LyU _1216
line profile due to radiative transfer e�ects.

Alternatively, the two prominent peaks of the LyU _1216 line
profiles could correspond to two emitting clouds along the line
of sight. We evaluate this scenario by exploring the non-resonant
He��_1640 emission extracting 1D spectra from the same regions
employed to analyze the LyU _1216 line profile across the nebula
(see the right panels of Figure 11). He��_1640 emission is only de-
tected in regions R7 and R9, i.e., around the SMG and the potential
radio jet (see Section 5.1). Interestingly, the separation between the
potential peaks of the He �� line profile in R7/R9 is 10 Å, which cor-
responds to a velocity shift of⇡ 330 km s�1. These values are similar
to the velocity o�set we observe in the double-peaked LyU _1216
line profile across the entire nebula of ⇡ 400 km s�1. Hence, the
peaks at 9091.5 and 9101.5 Å in the He �� line profile of R7 and
R9 might represent two di�erent emitting clouds along the line of
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Figure 10. LyU, He��, and C�� Line ratios of LABs previously associated
with high-redshift radio galaxies (High-z RGs), QSOs, and Type II AGN
(using data from Marques-Chaves et al. 2019; Marino et al. 2019; Wang et al.
2021, and references therein). The typical length of the error bars is shown in
the bottom-right corner. The average line ratios around J1000+0234�North,
the massive SMG with a potential AGN, are consistent with those observed
in High-z RGs and Type II AGN. On the contrary, the 3f upper limits to the
average line ratios across the extent of J1000+0234�South, the low-mass
starburst, suggest that a di�erent mechanism is driving LyU_1216 emission
here.

sight with redshifts 4.543 ± 0.002 and 4.550 ± 0.002. We note that
the expected central wavelength of the LyU _1216 line profile from
those potentially distinct regions, shown in the lower-left panel of
Figure 11, does not agree with the observed central wavelength of
the peaks, which could be explained by the resonant nature of the
LyU _1216 line emission that tends to be redshifted against the ra-
dial systemic velocity. Moreover, the scenario of two distinct clouds
contributing to the LyU _1216 nebula is reinforced by the significant
spatial o�set between the red and blueshifted He��_1640 emission
of ⇡ 6 kpc (see Figure 12).

Under the scenario of two di�erent line emitting clouds in
the J1000+0234 system, the observed wavelength di�erence be-
tween the line peaks in the LyU _1216 and He��_1640 line profiles
could be a result of peculiar velocities and/or a di�erent distance
between them. If the velocity di�erence (XE ) is solely due to the
Hubble flow, the peaks shift would imply a physical distance of
XE/�0 ⇠ 5 Mpc. This value is comparable to the extent of the galaxy
overdensity within which the J1000+0234 system resides (see Sec-
tion 4.3). We, therefore, consider this scenario unlikely. Instead,
because J1000+0234 is a pair of likely interacting galaxies near the
center of a galaxy overdensity, where peculiar velocities are on the
order of a few hundred km s�1(e.g., Ceccarelli et al. 2005; Santucho
et al. 2020), we would expect that the observed velocity o�sets are
largely driven by peculiar velocities. In this context, and based on the
blue and red peak of the He��_1640 and LyU _1216 lines, the appar-
ent two emitting clouds in the J1000+0234 system are approaching
one another with a relative velocity of ⇡ 400 km s�1. The relative
motion between the multiple components in the J1000+0234 system
could also explain the disagreement between the [C��]-derived red-
shift of J1000+0234�North (4.5391±0.0004; Fraternali et al. 2021)
and the redshift of the He��_1640-emitting clouds (I ⇡ 4.545). A
plausible scenario is that J1000+0234�North has a larger peculiar
(negative) velocity –along the line of sight– than the blue-shifted
cloud within which the SMG/AGN is embedded (see right panel

of Figure 12). Since there are no spectroscopic redshift measure-
ments of J1000+0234�South, we can only hypothesize that this
low-mass starburst is embedded in the red-shifted cloud and is on a
collision course with the blue-shifted cloud and the massive SMG
J1000+0234�North.

5.3 The nature and fate of the complex J1000+0234 system

The J1000+0234 complex (J1000+0234�North and
J1000+0234�South) and its companions reside in the central
region of a large-scale overdensity of galaxies at I = 4.5, sup-
porting the role of LABs as tracers of rich environments at high
redshift (e.g., Matsuda et al. 2004; Alexander et al. 2016; B¬descu
et al. 2017; Guaita et al. 2022). In these overdense regions, the
evolution of galaxies might be highly a�ected by environmental
processes. Certainly, Gómez-GuÚarro et al. (2018) proposed
that J1000+0234�North and J1000-0234�South are undergoing
a minor merger with a stellar mass ratio of 1:10, which might
have contributed to triggering a Type II AGN and a vigorous
starburst in J1000+0234�North – as suggested by numerical
simulations (e.g., Hopkins et al. 2006). Merger activity could
also explain the apparent elongation of both the rest-frame UV
and LyU _1216 emission around J1000+0234�South (Figure 3),
hinting at a tidal structure of young stars and gas resulting from the
gravitational interaction. While such a merger could be stripping
gas from the minor companion J1000+0234�South, it is known
that the mechanisms leading to stripping can briefly enhance
star formation (e.g., Cortese et al. 2021, and references therein),
consistent with the starburst nature of J1000+0234�South. As
discussed in Section 5.1, vigorous star formation activity might
be the dominant ionization source of LyU _1216 emission around
J1000+0234�South, while AGN activity and dust-unobscured star
formation are the potential main drivers of extended LyU _1216
emission around J1000+0234�North. Our kinematical analysis
suggests the presence of two HeII emitting clouds along the line of
sight on a collision course with a relative velocity of 400 km s�1,
consistent with the scenario in which J1000+0234 is undergoing
merging activity.

Our results, in particular, are consistent with the numerical
model of Cen & Zheng (2013) for LyU blobs extending out to
tens to hundreds of kpcs and !LyU & 1043erg s�1 –as observed
in J1000+0234. This model predicts that LABs emerge from over-
dense regions undergoing extreme starbursts at high redshifts, where
the brightest FIR source (reaching up to log(!IR/!�) ⇡ 12 � 13)
is the result of reprocessed stellar and AGN radiation and repre-
sents the gravitational center of the protocluster. This is in broad
agreement with the properties of the J1000+0234 system, where
the brightest FIR source, J1000+0234�North, has an IR luminos-
ity of log(!IR/!�) = 12.6 ± 0.6) and resides at only 180 co-
moving kpc away from the overdensity center. Additionally, this
work o�er observational evidence to verify hydrodynamic simula-
tions from Yajima et al. (2013) that follow the evolution of LABs
driven by interacting galaxies at high redshifts. This model pre-
dicts that major mergers of galaxies with a total mass of ⇡ 1012

"�
result in intense star formation, which combined with enhanced
cooling induced by gravitational interaction leads to extended
LyU _1216 emission. During the first encounter of a galaxy pair
at I = 4, the LyU _1216 profile exhibits two peaks correspond-
ing to the interacting nuclei and the star formation rate peaks at
⇠ 500 "� yr�1. At the same time, LyU _1216 emission reaches
a luminosity of !LyU = 1043 erg s�1 and extends out to ⇡40 kpc.
These properties are in excellent agreement with those observed in
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The line ratios are maximal in the vicinity of J1000+0234-N and are consistent with those 
observed in Type II AGN and high-redshift radio galaxies. 

At the locus of J1000+0234-South no HeII nor CIV emission is detected—> the gas around J1000+0234-S does not 
receive enough incident flux from the AGN (too distant and/or broad density distribution of the intergalactic medium).
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Figure 11. Upper panels: Optimally-extracted SB maps of LyU_1216 (left) and He��_1640 (right) emission in J1000+0234. The thin white contours indicate
the SNR = 3 isophote. The blue contours show the rest-frame UV continuum from the HST/F160W imaging and the lime contours display the 3 GHz radio
continuum emission at 0.0075 resolution (SmolÃi∆ et al. 2017). These contours are at 3, 4, 5, and 6 times the rms noise level. The cyan squares delimit the regions
from which the 1D spectra shown in the lower panels are obtained. Lower panels: LyU_1216 (left) and He��_1640 (right) line profiles across the extent of the
J1000+0234 nebula. The He��_1640 spectra are averaged over a 3 Å-width bin. The horizontal, grey, dashed lines illustrate the typical 3⇥ noise rms level of
the 1D He��_1640 spectra. The black vertical lines show the expected central wavelength of the LyU_1216 and He��_1640 lines of a source at I = 4.543 and
I = 4.550, respectively. The double-peaked nature of the LyU_1216 line persists across the brightest LyU_1216-emitting regions. The central wavelengths of
the two peaks do not significantly vary across the 10 regions explored here. He��_1640 line emission is only detected in regions R7 and R9, corresponding to
the locus of the bright SMG and the site of a possible radio jet (see details in Section 5.1). The marginal evidence of two peaks in the (non-resonant) He��_1640
line profile of regions R7-R9 suggests the presence of two di�erent clouds along the line of sight.

J1000+0234; a merging system with a total SFR of ⇡ 650"� yr�1,
!LyU ⇡ 1043.6 erg s�1, nebula size of ⇡40 kpc, double-peaked Lya
line profile, and tidal features in J1000+0234�South that hint at
strong gravitational interaction with J1000+0234�North. We spec-
ulate that, apart from star formation and AGN activity, cooling

radiation induced by gravitational interaction (e.g., Umehata et al.
2021) might be another mechanism driving extended LyU _1216
emission in J1000+0234.

The evolutionary path that the system J1000+0234 will follow
can be discussed in terms of cluster formation and the assembly of
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Figure 12. (Left:) Spatial distribution of redshifted/blueshifted He��_1640 emission of J1000+0234 (blue and red contours, respectively) overlaid on the
HST/F160W continuum image, which shows the rest-frame UV emission from the SMG J1000+0234�North (JN) and the low-mass starburst J1000+0234�South
(JS). The prominent continuum source to the right of the J1000+0234 system is a foreground (Fg) galaxy (Capak et al. 2008). The red and blueshifted emission
maps are obtained using the same 3D masks obtained during our source extraction procedure, but considering the channels lower/higher than 9095.0 Å to get
optimally-extracted NB images of the blue/redshifted He��_1640 emission. The contour levels are at 3, 4, 5, 6, and 7 times the noise rms level. The spatial (and
spectral) o�set (see Section 5.2) between the blueshifted and redshifted He��_1640 emission of J1000+0234 suggests that these might represent two di�erent
clouds in the J1000+0234 system at I = 4.543 ± 0.002 and I = 4.550 ± 0.002. (Middle:) Cartoon illustrating the configuration along the line of sight of
multiple components in the J1000+0234 system as inferred from their redshifts. If the e�ect of peculiar velocities is neglected, the redshift values would imply
unrealistic comoving radial distances between the components on the order of Mpc (see Section 5.2 for details). (Left:) Assuming that the redshift values are
also driven by peculiar velocities in the J1000+0234 system, that is in the center of a galaxy overdensity, we propose a scenario in which two emitting clouds
are on a collision course with a relative velocity of ⇡ 400 km s�1. The lower [C��]-based redshift of J1000+0234�North could be a result of a larger peculiar
negative velocity along the line of sight. The direction and magnitude of the peculiar velocities of all the relevant components are represented by the black,
blue, and red arrows.

local elliptical galaxies. We first use the predictions from cosmo-
logical simulations in Chiang et al. (2013) to verify if J1000+0234
matches the expected observational signatures of galaxy proto-
clusters. Based on the results shown in Figure 8, the overdensity
around J1000+0234 extends out to a 5cMpc radius (10cMpc di-
ameter) where Xg ⇡ 1. Comparing with the results from Chiang
et al. (2013) for a (15 cMpc)3 volume, that is the one that resemble
the most to our observations, we find that the overdensity around
J1000+0234 at I = 4.5 has a low (⇠ 20%) probability to evolve
into a galaxy cluster with total mass of ⇡ 1014

"� at I = 0. This
scenario would be also consistent with the evolutionary link be-
tween I > 3 SMGs and their descendant, massive elliptical galaxies
at I = 0 (Geach et al. 2005; Toft et al. 2014; Stach et al. 2021)
that preferentially reside at the center of galaxy clusters. Such a
scenario involves the abrupt cessation of star formation in I > 3
dusty starbursts (Jones et al. 2017; Gómez-GuÚarro et al. 2018) that
subsequently merge with quenched satellite galaxies (e.g., Davé
et al. 2017). While the observational results presented here suggest
that J1000+0234 reside at the center of a potential proto-cluster, the
mechanisms that can suppress star formation in the central SMG
J1000+0234�North remain unclear. A plausible scenario might in-
volve "mass quenching". Galaxies with stellar masses a factor ⇠ 2
larger than J1000+0234�North (i.e., "¢ ⇠ 1010.5

"� , with dark
matter halos ⇠ 1012

"�) are expected to form a hot gas corona
that can shut o� the gas supply from the cosmic web and prevent
the cooling of gas (Gabor et al. 2010, and references therein). The
activity of an AGN, like the one inferred for J1000+0234�North,
can act as an additional heating source (e.g., Croton et al. 2006),
suppressing the formation of stars in such massive galaxies.

6 CONCLUSIONS

We use MUSE observations to characterize extended LyU _1216,
C��_1550 and He��_1640 emission around J1000+0234; a pair

of galaxies at I = 4.5 in the COSMOS field. J1000+0234�North
is a massive SMG (log("¢/"�) = 10.1 ± 0.1) exhibiting a ro-
tating [C��] disk with SFR = 500+1200

�320 M� yr�1 (Gómez-GuÚarro
et al. 2018; Fraternali et al. 2021), while J1000+0234�South is
a UV-bright, low-mass SFG (log("¢/"�) = 9.2 ± 0.1) with
SFR = 148±8 M� yr�1 (Gómez-GuÚarro et al. 2018). By combin-
ing MUSE observations with existing ALMA and HST data we find
the following.

• We detect LyU _1216 emission that peaks at the lo-
cus of J1000+0234�South and extends over a projected
area of 1853 kpc2, with a maximum linear projected size
of ⇡43 kpc (Figure 2). Based (optimally-extracted) flux of
�

obs
LyU = (19.79 ± 0.15) ⇥ 10�17erg s�1 cm�2 we compute a

total line luminosity of !
obs
LyU = (40.17 ± 0.31) ⇥ 1042erg s�1.

J1000+0234 is among the most compact and least luminous
high-redshift LyU nebuale (see Figure 4).

• He��_1640 line emission is also detected around
J1000+0234�North (Figure 2). This emission, extending out
to a projected area of 3.7 arcsec2 ⇡ 159 kpc2, reaches a maximum
at the locus of a faint radio source at 1.005 to the south-east
of J1000+0234�North (likely a radio jet). With a flux of
�

obs
HeII = (0.27 ± 0.03) ⇥ 10�17 erg s�1 cm�2we compute a to total

line luminosity of !HeII = (0.57 ± 0.06) ⇥ 1042 erg s�1.

• We detect C��_1550 line emission around
J1000+0234�South that extends out to a projected area of
3.7 arcsec2 ⇡ 159 kpc2 (Figure 2). The measured flux of
�

obs
CIV = (0.37 ± 0.03) ⇥ 10�17 erg s�1 cm�2 leads to a total line

luminosities of !CIV = (0.76 ± 0.07) ⇥ 1042 erg s�1.

• We detect three LyU _1216 emitters (C3, C4, C5) spanning
over a redshift bin �I  0.007 (i.e., . 380 km s�1) located at

MNRAS 000, 1–16 (2015)

There is marginal evidence for two peaks in the (non-
resonant) HeII line profile separated by a velocity shift of 
~330 km/s (similar to that observed in the Lya profile). 

The two peaks are spatially separated  by 6kpc (projected on 
the sky plane).

This suggests the presence of two different clouds along the 
line of sight with redshifts 4.543 ± 0.002 and 4.550 ± 0.002. 
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Figure 12. (Left:) Spatial distribution of redshifted/blueshifted He��_1640 emission of J1000+0234 (blue and red contours, respectively) overlaid on the
HST/F160W continuum image, which shows the rest-frame UV emission from the SMG J1000+0234�North (JN) and the low-mass starburst J1000+0234�South
(JS). The prominent continuum source to the right of the J1000+0234 system is a foreground (Fg) galaxy (Capak et al. 2008). The red and blueshifted emission
maps are obtained using the same 3D masks obtained during our source extraction procedure, but considering the channels lower/higher than 9095.0 Å to get
optimally-extracted NB images of the blue/redshifted He��_1640 emission. The contour levels are at 3, 4, 5, 6, and 7 times the noise rms level. The spatial (and
spectral) o�set (see Section 5.2) between the blueshifted and redshifted He��_1640 emission of J1000+0234 suggests that these might represent two di�erent
clouds in the J1000+0234 system at I = 4.543 ± 0.002 and I = 4.550 ± 0.002. (Middle:) Cartoon illustrating the configuration along the line of sight of
multiple components in the J1000+0234 system as inferred from their redshifts. If the e�ect of peculiar velocities is neglected, the redshift values would imply
unrealistic comoving radial distances between the components on the order of Mpc (see Section 5.2 for details). (Left:) Assuming that the redshift values are
also driven by peculiar velocities in the J1000+0234 system, that is in the center of a galaxy overdensity, we propose a scenario in which two emitting clouds
are on a collision course with a relative velocity of ⇡ 400 km s�1. The lower [C��]-based redshift of J1000+0234�North could be a result of a larger peculiar
negative velocity along the line of sight. The direction and magnitude of the peculiar velocities of all the relevant components are represented by the black,
blue, and red arrows.

local elliptical galaxies. We first use the predictions from cosmo-
logical simulations in Chiang et al. (2013) to verify if J1000+0234
matches the expected observational signatures of galaxy proto-
clusters. Based on the results shown in Figure 8, the overdensity
around J1000+0234 extends out to a 5cMpc radius (10cMpc di-
ameter) where Xg ⇡ 1. Comparing with the results from Chiang
et al. (2013) for a (15 cMpc)3 volume, that is the one that resemble
the most to our observations, we find that the overdensity around
J1000+0234 at I = 4.5 has a low (⇠ 20%) probability to evolve
into a galaxy cluster with total mass of ⇡ 1014

"� at I = 0. This
scenario would be also consistent with the evolutionary link be-
tween I > 3 SMGs and their descendant, massive elliptical galaxies
at I = 0 (Geach et al. 2005; Toft et al. 2014; Stach et al. 2021)
that preferentially reside at the center of galaxy clusters. Such a
scenario involves the abrupt cessation of star formation in I > 3
dusty starbursts (Jones et al. 2017; Gómez-GuÚarro et al. 2018) that
subsequently merge with quenched satellite galaxies (e.g., Davé
et al. 2017). While the observational results presented here suggest
that J1000+0234 reside at the center of a potential proto-cluster, the
mechanisms that can suppress star formation in the central SMG
J1000+0234�North remain unclear. A plausible scenario might in-
volve "mass quenching". Galaxies with stellar masses a factor ⇠ 2
larger than J1000+0234�North (i.e., "¢ ⇠ 1010.5

"� , with dark
matter halos ⇠ 1012

"�) are expected to form a hot gas corona
that can shut o� the gas supply from the cosmic web and prevent
the cooling of gas (Gabor et al. 2010, and references therein). The
activity of an AGN, like the one inferred for J1000+0234�North,
can act as an additional heating source (e.g., Croton et al. 2006),
suppressing the formation of stars in such massive galaxies.

6 CONCLUSIONS

We use MUSE observations to characterize extended LyU _1216,
C��_1550 and He��_1640 emission around J1000+0234; a pair

of galaxies at I = 4.5 in the COSMOS field. J1000+0234�North
is a massive SMG (log("¢/"�) = 10.1 ± 0.1) exhibiting a ro-
tating [C��] disk with SFR = 500+1200

�320 M� yr�1 (Gómez-GuÚarro
et al. 2018; Fraternali et al. 2021), while J1000+0234�South is
a UV-bright, low-mass SFG (log("¢/"�) = 9.2 ± 0.1) with
SFR = 148±8 M� yr�1 (Gómez-GuÚarro et al. 2018). By combin-
ing MUSE observations with existing ALMA and HST data we find
the following.

• We detect LyU _1216 emission that peaks at the lo-
cus of J1000+0234�South and extends over a projected
area of 1853 kpc2, with a maximum linear projected size
of ⇡43 kpc (Figure 2). Based (optimally-extracted) flux of
�

obs
LyU = (19.79 ± 0.15) ⇥ 10�17erg s�1 cm�2 we compute a

total line luminosity of !
obs
LyU = (40.17 ± 0.31) ⇥ 1042erg s�1.

J1000+0234 is among the most compact and least luminous
high-redshift LyU nebuale (see Figure 4).

• He��_1640 line emission is also detected around
J1000+0234�North (Figure 2). This emission, extending out
to a projected area of 3.7 arcsec2 ⇡ 159 kpc2, reaches a maximum
at the locus of a faint radio source at 1.005 to the south-east
of J1000+0234�North (likely a radio jet). With a flux of
�

obs
HeII = (0.27 ± 0.03) ⇥ 10�17 erg s�1 cm�2we compute a to total

line luminosity of !HeII = (0.57 ± 0.06) ⇥ 1042 erg s�1.

• We detect C��_1550 line emission around
J1000+0234�South that extends out to a projected area of
3.7 arcsec2 ⇡ 159 kpc2 (Figure 2). The measured flux of
�

obs
CIV = (0.37 ± 0.03) ⇥ 10�17 erg s�1 cm�2 leads to a total line

luminosities of !CIV = (0.76 ± 0.07) ⇥ 1042 erg s�1.

• We detect three LyU _1216 emitters (C3, C4, C5) spanning
over a redshift bin �I  0.007 (i.e., . 380 km s�1) located at
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The two emitting clouds surrounding J1000+0234-N and -S are likely on a collision course with a relative 
velocity of ~400 km/s. 
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Figure 6. Optimally extracted SB maps of the five emission-line sources in the vicinity of J1000+0234. The photometric redshifts (if available) of the UV
continuum sources located within the extended emission-line regions are shown in white. The UV counterparts of C3, C4, and C5 have a photometric redshift
of I? ⇡ 4.5. Therefore, we can robustly associate the C3, C4, and C5 emission-line regions with LyU_1216. Because there is no UV counterpart for C1 and
because C2 might correspond to the [O��]_3727 doublet of a I = 0.803 ± 0.001 foreground galaxy, we deem C1 and C2 as potential LyU_1216 emitting
sources at I ⇡ 4.5.

Subaru Suprime-Cam data (FLAG_SUPCAM = 0) are considered.
The above criteria select J1000+0234�North, J1000+0234�South,
and their three robustly identified companions (C3, C4, and C5)
from the COSMOS2020 catalog.

We first run the Voronoi tessellation analysis which identifies
overdensities by partitioning a plane into convex polygons called
Voronoi cells. Each cell encloses exactly one point (in our case
one galaxy in the chosen �I range). The inverse of the area of
a galaxy’s cell e�ectively corresponds to the local galaxy surface
density for the given galaxy. The threshold above which a cell is
considered “overdense” was chosen to be the 80% quantile of the
cumulative distribution of cell densities obtained using 10 Mock
catalogs. The Mock catalogs were generated to contain the same
number of galaxies as present in the inner 1 deg2 of the COSMOS
field, but with randomly distributed positions over this area. For
more details about the method see Section 3.1.2. in SmolÃi∆ et al.
(2017). The Voronoi tessellation analysis results are presented in the
left panel of Figure 8., where we indicate only galaxies occupying
"overdense" cells. An overdensity, centered on the four sources,
J1000+0234, C3 and C5, is clearly discernible.

We further compute the galaxy overdensity parameter (X6) as
a function of distance from the identified center of the overdensity
that is RA=150.22578 deg and DEC=2.572560 deg. This is done
by equaling the overdensity center to the average right ascension

and declination of sources within the red circle in the left panel of
Figure 8 (see Section 3.1. in SmolÃi∆ et al. (2017) for more details).
The galaxy overdensity parameter, which is the contrast above the
background field, is defined as a function of radius (A):

Xg (A) ⌘
⌃r (A) � ⌃bg

⌃bg
=

⌃r (A)
⌃bg

� 1 , (1)

where ⌃r and ⌃bg are the local galaxy, and the background galaxy
surface density, respectively. The overdensity parameter then equals
zero, Xg = 0 (i.e., �⌃ = 0), for no observed overdensity, Xg > 0
indicates an overdensity, while Xg < 0 indicates an underdensity.

The average value of the background surface density (⌃bg) was
computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Section 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Figure 8, where we
show X6 as a function of radius, computed in steps of 0.1 arcminutes,
as well as the signal-to-noise ratio, X6/fXg .

We also indicate X6 values for which the Poisson probability
of observing more or equal the number of sources than expected
from the background galaxy surface density is  0.05, considering
these to be robust overdensity values. As seen in Figure 8, a galaxy
overdensity is detected out to a comoving radius of 5 Megaparsec
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Figure 5. LyU_1216 line emission of J1000+0234 and five emission-line sources (C1-C5) identified within a 48 ⇥ 48 arcsec2 area around J1000+0234: as
observed on the plane of the sky (left panel) and along the wavelength/redshift axis ((right panel)). The color scale shows the flux density per voxel, normalized
to the minimum and maximum value observed in this subcube. The redshift values presented for the five companions are derived under the assumption that
the emission line corresponds to LyU_1216. The physical distance and redshift bins shown in the axis labels are computed at I = 4.545, that is, the systemic
redshift of J1000+0234. The discovery of these companions around J1000+0234 confirms that this system lies at the center of a galaxy overdensity, i.e., a
protocluster, at I = 4.5 (SmolÃi∆ et al. 2017).

The optimally-extracted SB maps of the five sources is presented
in Figure 6, while their optimally-extracted 1D spectra and inferred
line properties are shown in Figure 7 and Table 2, respectively.

To verify that the observed line emission from the five neigh-
boring sources around J1000+0234 corresponds to LyU _1216 at
I ⇡ 4.5, we identify their UV counterparts in the HST/WFC3 con-
tinuum imaging (Gómez-GuÚarro et al. 2018) and crossmatch their
positions with the CLASSIC COSMOS2020 photometric catalog
(Weaver et al. 2021). Using a 1.000 search radius, we find the follow-
ing:

(i) The two UV sources near the brightest emitting region
of C5 are linked to a COSMOS2020 source with photometric
redshift I? = 4.594 ± 0.050, log("¢/"�) = 10.24+0.10

�0.13, and

SFR = 56+19
�11 "� HA

�1.
(ii) The central UV source in C4 has a photometric red-

shift I? = 4.505+0.330
�0.280, log("¢/"�) = 8.62+0.18

�0.22 and SFR =
2.0+2.7

�0.5 "� HA
�1. The UV source at the South-West of the central

region of C4 is a foreground galaxy at I? = 1.623+0.470
�0.290.

(iii) The more compact UV source in C3 lies at I = 4.608+0.190
�0.170,

it has a stellar mass log("¢/"�) = 9.79+0.15
�0.23, and SFR =

25+44
�6 "� HA

�1. The more extended UV source is a foreground

galaxy at I = 0.892+0.050
�0.040.

(iv) The central UV source in C2 has a photometric red-
shift of I? = 0.781 ± 0.050, log("¢/"�) = 8.05 ± 0.09, and
SFR = 0.28+0.10

�0.12 "� HA
�1. Based on this redshift estimate, the

emission line of C2 at 6721.8 Å could correspond to the [O��]_3727
doublet at I = 0.803 ± 0.001. Indeed, the inferred [O��]-based SFR
(Kennicutt 1998) of 0.35 ± 0.10 "� yr�1matches that reported in
the CLASSIC COSMOS2020 catalog. The observed separation be-
tween the peaks of ⇡ 3Å also agrees with that of the [O��]_3727
doublet. Yet no other emission line is robustly detected at the locus
of C2 in the MUSE data cube, which prevents us from firmly asso-
ciating the 6721.8 Å line with [O��]_3727 and confirming that C2
lies at I ⇠ 0.8. Given the ambiguity in the nature of the 6721.8 Å

line, we do not rule out C2 as a likely LyU _1216 companion around
J1000+0234.

(v) No UV continuum counterpart is identified for C1. We deem
this source as another potential LyU _1216 emitter at I = 4.512.

In summary, the photometric redshifts of the UV counterparts
of the extended C3, C4, and C5 sources support our initial assump-
tion that their emission lines at ⇡6735 Å correspond to LyU _1216.
Focusing on these three –robustly identified– companions around
J1000+0234, we observe that their LyU _1216 luminosity ranges
from 1.8 to 3.6 ⇥ 1042erg s�1. Interestingly, the luminosity of these
sources and their redshift/velocity o�set with respect to J1000+0234
are anti-correlated (Table 2), i.e., the more luminous companions are
closer (along the line of sight) to J1000+0234. The nearest compan-
ion, C5, lies at a projected distance of ⇡ 50 kpc to the South-East
of J1000+0234, while the farthest one (C3) lies at ⇡ 140 kpc to the
South of J1000+0234. While LyU _1216 emission in C5 is concen-
trated in a single component with a projected area of 315�460 kpc2,
the LyU _1216 emission of C3 and C4 displays an extended, clumpy
morphology that spreads out to a projected distance of 600 and
1090 kpc2, respectively.

4.3.1 A galaxy overdensity around J1000+0234

Using the COSMOS2015 photometric catalog (Laigle et al. 2016),
SmolÃi∆ et al. (2017) anticipated that J1000+0234 belongs to a
galaxy overdensity. This result is reinforced by the discovery of
LyU _1216 emitters at I ⇡ 4.5 in the 317 ⇥ 317 kpc2 (unflagged)
FoV of our MUSE data cube. Here, we verify the overdensity by
repeating the analysis presented by SmolÃi∆ et al. (2017) using
the new COSMOS2020 photometric redshift catalog (Weaver et al.
2021) and the LyU-detected sources in this work.

For this analysis, we restrict the COSMOS2020 CLASSIC
catalog to (Subaru Suprime-Cam) sources with 8  27.03 to match
the magnitude limit to our faintest MUSE source. The selected
sources lie within the Ultravista area (FLAG_UVISTA = 0) and fall
within the redshift range of �I = 0.53 centered at the redshift of
J1000+0234. No sources in the photometrically flagged areas in the
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Figure 6. Optimally extracted SB maps of the five emission-line sources in the vicinity of J1000+0234. The photometric redshifts (if available) of the UV
continuum sources located within the extended emission-line regions are shown in white. The UV counterparts of C3, C4, and C5 have a photometric redshift
of I? ⇡ 4.5. Therefore, we can robustly associate the C3, C4, and C5 emission-line regions with LyU_1216. Because there is no UV counterpart for C1 and
because C2 might correspond to the [O��]_3727 doublet of a I = 0.803 ± 0.001 foreground galaxy, we deem C1 and C2 as potential LyU_1216 emitting
sources at I ⇡ 4.5.

Subaru Suprime-Cam data (FLAG_SUPCAM = 0) are considered.
The above criteria select J1000+0234�North, J1000+0234�South,
and their three robustly identified companions (C3, C4, and C5)
from the COSMOS2020 catalog.

We first run the Voronoi tessellation analysis which identifies
overdensities by partitioning a plane into convex polygons called
Voronoi cells. Each cell encloses exactly one point (in our case
one galaxy in the chosen �I range). The inverse of the area of
a galaxy’s cell e�ectively corresponds to the local galaxy surface
density for the given galaxy. The threshold above which a cell is
considered “overdense” was chosen to be the 80% quantile of the
cumulative distribution of cell densities obtained using 10 Mock
catalogs. The Mock catalogs were generated to contain the same
number of galaxies as present in the inner 1 deg2 of the COSMOS
field, but with randomly distributed positions over this area. For
more details about the method see Section 3.1.2. in SmolÃi∆ et al.
(2017). The Voronoi tessellation analysis results are presented in the
left panel of Figure 8., where we indicate only galaxies occupying
"overdense" cells. An overdensity, centered on the four sources,
J1000+0234, C3 and C5, is clearly discernible.

We further compute the galaxy overdensity parameter (X6) as
a function of distance from the identified center of the overdensity
that is RA=150.22578 deg and DEC=2.572560 deg. This is done
by equaling the overdensity center to the average right ascension

and declination of sources within the red circle in the left panel of
Figure 8 (see Section 3.1. in SmolÃi∆ et al. (2017) for more details).
The galaxy overdensity parameter, which is the contrast above the
background field, is defined as a function of radius (A):

Xg (A) ⌘
⌃r (A) � ⌃bg

⌃bg
=

⌃r (A)
⌃bg

� 1 , (1)

where ⌃r and ⌃bg are the local galaxy, and the background galaxy
surface density, respectively. The overdensity parameter then equals
zero, Xg = 0 (i.e., �⌃ = 0), for no observed overdensity, Xg > 0
indicates an overdensity, while Xg < 0 indicates an underdensity.

The average value of the background surface density (⌃bg) was
computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Section 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Figure 8, where we
show X6 as a function of radius, computed in steps of 0.1 arcminutes,
as well as the signal-to-noise ratio, X6/fXg .

We also indicate X6 values for which the Poisson probability
of observing more or equal the number of sources than expected
from the background galaxy surface density is  0.05, considering
these to be robust overdensity values. As seen in Figure 8, a galaxy
overdensity is detected out to a comoving radius of 5 Megaparsec
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The serendipitous identification of three Lya emitters spanning over a redshift bin < 0.007 (i.e., 380 km/s) located 
at < 140kpc from J1000+0234. 
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Figure 7. (Left:) Galaxy overdensity (Xgal) as a function of distance to the massive SMG J1000+0234�North. The number of sources found within a given
radius (�A ) is shown. Square symbols correspond to robust overdensity values. In this case, the Poisson probability of observing � �A sources than the
expected value from the background galaxy surface density is  0.05. (Middle:) Voronoi tessellation map around J1000+0234 (indicated by the red circle).
Overdense VTA cells are shown in yellow. The overdensity center is denoted by the red cross. The gray regions shown in the background delimit the masked
areas in the COSMOS2020 photometric catalogue. (Right:) Galaxy overdensity as a function of distance to the overdensity center. The grey region shows the
error on de galaxy overdensity parameter (fXgal = 0) . The bottom panel presents the significance of the overdensity (Xgal/fXgal ) as a function of radius, and
the value of Xgal/fXgal = 3 is indicated by the horisontal dashed line to guide the eye.

computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Sec. 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Fig. 7, where
we show X6 as a function of radius, computed in steps of 0.1
arcminutes, as well as the signal-to-noise ratio, X6/fXg . We also
indicate X6 values for which the Poisson probability of observing
more or equal the number of sources as observed is  0.05,
considering these to be robust overdensity values. As seen in
Fig. 7, at radii below 1 arcmin/2.2 �"�� a significant overdensity
is found, in agreement with the results based on the COSMOS2015
photometric redshift catalog, and the spectroscopic analysis
presented in SmolÃi∆ et al. (2017).

5 DISCUSSION

In this section, we identify the possible ionization sources of
the extended LyU emission in J1000+0234. We also explore the
LyU _1216 and He��_1640 line profile across the nebula to infer
the large scale movements of the gas in the J1000+0234 system.
Finally, we discuss the evolutionary path that J1000+0234 might
follow, including the potential quenching of satellite galaxies and
the origin of the red sequence of galaxies at I ⇡ 2.

5.1 Ionization source

Four main physical mechanisms have been proposed to explain the
origin of circumgalactic LyU emission: (a) recombination radiation
following photoionization by UV photons (usually known as fluo-
rescence; Hogan & Weymann 1987; Cantalupo et al. 2005); (b) UV
photons from shock-heated gas powered by galactic outflows and/or
relativistic jets (e.g., Taniguchi & Shioya 2000; Arrigoni Battaia
et al. 2015); (c) resonant scattering of LyU photons from an AGN

and star formation (e.g., Møller & Warren 1998; Villar-Martin et al.
1996; DÚkstra & Loeb 2009; Hayes et al. 2011; Cantalupo et al.
2014; Mas-Ribas et al. 2017; den Brok et al. 2020); and (d) cooling
radiation from gas falling into dark matter halos (e.g., Fardal et al.
2001; DÚkstra & Loeb 2009; Daddi et al. 2021). The latter is, how-
ever, unlikely to be the dominant process in J1000+0234, as there
exist (at least) two strong sources of ionization within the nebula.
First, there is a low-mass SFG (J1000+0234�South) with a UV lu-
minosity that implies a SFR of 148 ± 8"� yr�1. Second, there is
a dust-rich, rotating disk galaxy (J1000+0234�North) with a UV-
based SFR of 52.6 ± 8.5"� yr�1, which represents ⇡ 10% of the
total SFR (i.e., IR+UV SFR) of this massive SMG (Gómez-GuÚarro
et al. 2018).

Apart from star formation activity, two radio sources within
the LyU nebula might indicate AGN activity. The brightest radio
source ((3 GHz = 25 ± 6`Jy; SmolÃi∆ et al. 2017) is centered at the
locus of the SMG J1000+0234�North. We derive a monochromatic
1.4 GHz radio luminosity1 of !1.4 GHz = 5.2 ± 1.2 ⇥ 1024 W Hz�1

that is consistent with that of Type II AGNs at I ⇡ 3.1 (Ao et al. 2017;
Marques-Chaves et al. 2019). We also derive a FIR-to-1.4 GHz lu-
minosity ratio (@FIR) of 1.9± 0.1. Because the @FIR value for SFGs
at I = 4.5 is 2.1±0.2 (Magnelli et al. 2015; Delhaize et al. 2017),
there appears to be a mild excess of radio emission in J1000+0234
likely due to AGN activity. The close-to-orthogonal position an-
gles (PA) of the radio emission (33 ± 6 deg) and rotating disk of
J1000+0234�North (145 ± 5 deg; Fraternali et al. 2021, see our
Figure 2) also hints at radio AGN activity, as the elongated radio
emission suggests the presence of a jet moving perpendicular to the
rotating C[��] disk. The faintest radio source within the LyU nebula
((3 GHz = 15±2`Jy; SmolÃi∆ et al. 2017) is not detected in existing
ALMA imaging at 870 `m. It is located at 1.005 to the south-east
of J1000+0234�North, along the direction of the potential radio jet
coming out of the massive SMG. In this first scenario, the faint radio

1 Derived from the observed 3 GHz flux density and using the relation
(a / a�U with U = 0.7
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Figure 7. (Left:) Galaxy overdensity (Xgal) as a function of distance to the massive SMG J1000+0234�North. The number of sources found within a given
radius (�A ) is shown. Square symbols correspond to robust overdensity values. In this case, the Poisson probability of observing � �A sources than the
expected value from the background galaxy surface density is  0.05. (Middle:) Voronoi tessellation map around J1000+0234 (indicated by the red circle).
Overdense VTA cells are shown in yellow. The overdensity center is denoted by the red cross. The gray regions shown in the background delimit the masked
areas in the COSMOS2020 photometric catalogue. (Right:) Galaxy overdensity as a function of distance to the overdensity center. The grey region shows the
error on de galaxy overdensity parameter (fXgal = 0) . The bottom panel presents the significance of the overdensity (Xgal/fXgal ) as a function of radius, and
the value of Xgal/fXgal = 3 is indicated by the horisontal dashed line to guide the eye.

computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Sec. 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Fig. 7, where
we show X6 as a function of radius, computed in steps of 0.1
arcminutes, as well as the signal-to-noise ratio, X6/fXg . We also
indicate X6 values for which the Poisson probability of observing
more or equal the number of sources as observed is  0.05,
considering these to be robust overdensity values. As seen in
Fig. 7, at radii below 1 arcmin/2.2 �"�� a significant overdensity
is found, in agreement with the results based on the COSMOS2015
photometric redshift catalog, and the spectroscopic analysis
presented in SmolÃi∆ et al. (2017).

5 DISCUSSION

In this section, we identify the possible ionization sources of
the extended LyU emission in J1000+0234. We also explore the
LyU _1216 and He��_1640 line profile across the nebula to infer
the large scale movements of the gas in the J1000+0234 system.
Finally, we discuss the evolutionary path that J1000+0234 might
follow, including the potential quenching of satellite galaxies and
the origin of the red sequence of galaxies at I ⇡ 2.

5.1 Ionization source

Four main physical mechanisms have been proposed to explain the
origin of circumgalactic LyU emission: (a) recombination radiation
following photoionization by UV photons (usually known as fluo-
rescence; Hogan & Weymann 1987; Cantalupo et al. 2005); (b) UV
photons from shock-heated gas powered by galactic outflows and/or
relativistic jets (e.g., Taniguchi & Shioya 2000; Arrigoni Battaia
et al. 2015); (c) resonant scattering of LyU photons from an AGN

and star formation (e.g., Møller & Warren 1998; Villar-Martin et al.
1996; DÚkstra & Loeb 2009; Hayes et al. 2011; Cantalupo et al.
2014; Mas-Ribas et al. 2017; den Brok et al. 2020); and (d) cooling
radiation from gas falling into dark matter halos (e.g., Fardal et al.
2001; DÚkstra & Loeb 2009; Daddi et al. 2021). The latter is, how-
ever, unlikely to be the dominant process in J1000+0234, as there
exist (at least) two strong sources of ionization within the nebula.
First, there is a low-mass SFG (J1000+0234�South) with a UV lu-
minosity that implies a SFR of 148 ± 8"� yr�1. Second, there is
a dust-rich, rotating disk galaxy (J1000+0234�North) with a UV-
based SFR of 52.6 ± 8.5"� yr�1, which represents ⇡ 10% of the
total SFR (i.e., IR+UV SFR) of this massive SMG (Gómez-GuÚarro
et al. 2018).

Apart from star formation activity, two radio sources within
the LyU nebula might indicate AGN activity. The brightest radio
source ((3 GHz = 25 ± 6`Jy; SmolÃi∆ et al. 2017) is centered at the
locus of the SMG J1000+0234�North. We derive a monochromatic
1.4 GHz radio luminosity1 of !1.4 GHz = 5.2 ± 1.2 ⇥ 1024 W Hz�1

that is consistent with that of Type II AGNs at I ⇡ 3.1 (Ao et al. 2017;
Marques-Chaves et al. 2019). We also derive a FIR-to-1.4 GHz lu-
minosity ratio (@FIR) of 1.9± 0.1. Because the @FIR value for SFGs
at I = 4.5 is 2.1±0.2 (Magnelli et al. 2015; Delhaize et al. 2017),
there appears to be a mild excess of radio emission in J1000+0234
likely due to AGN activity. The close-to-orthogonal position an-
gles (PA) of the radio emission (33 ± 6 deg) and rotating disk of
J1000+0234�North (145 ± 5 deg; Fraternali et al. 2021, see our
Figure 2) also hints at radio AGN activity, as the elongated radio
emission suggests the presence of a jet moving perpendicular to the
rotating C[��] disk. The faintest radio source within the LyU nebula
((3 GHz = 15±2`Jy; SmolÃi∆ et al. 2017) is not detected in existing
ALMA imaging at 870 `m. It is located at 1.005 to the south-east
of J1000+0234�North, along the direction of the potential radio jet
coming out of the massive SMG. In this first scenario, the faint radio

1 Derived from the observed 3 GHz flux density and using the relation
(a / a�U with U = 0.7
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Figure 7. (Left:) Voronoi tessellation map around J1000+0234 (indicated by the red circle). Overdense VTA cells are shown in yellow. The overdensity
center is denoted by the red cross. (Right:) Galaxy overdensity as a function of distance to the overdensity center. The grey region shows the error on the
galaxy overdensity parameter (fXgal = 0) . The gray squares mark robust overdensity values, for which the Poisson probability of observing more or equal
number of sources than expected from the background galaxy surface density is  5%. The projected distance from the overdensity center to J1000+0234 is
indicated by the red downwards pointing arrow. The bottom panel presents the significance of the overdensity (Xgal/fXgal ) as a function of radius. The value
of Xgal/fXgal = 3 is indicated by the horizontal dashed line to guide the eye.

computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Sec. 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Fig. 7, where
we show X6 as a function of radius, computed in steps of 0.1
arcminutes, as well as the signal-to-noise ratio, X6/fXg . We also
indicate X6 values for which the Poisson probability of observing
more or equal the number of sources than expected from the
background galaxy surface density is  0.05, considering these
to be robust overdensity values. As seen in Fig. 7, at radii below
0.7 arcmin/1.5 comoving Mpc a significant galaxy overdensity
of 9 ± 1 is found, in agreement with the results based on the
COSMOS2015 photometric redshift catalog, and the spectroscopic
analysis presented in SmolÃi∆ et al. (2017).

5 DISCUSSION

In this section, we identify the possible ionization sources of
the extended LyU emission in J1000+0234. We also explore the
LyU _1216 and He��_1640 line profile across the nebula to infer
the large scale movements of the gas in the J1000+0234 system.
Finally, we discuss the evolutionary path that J1000+0234 might
follow, including the potential quenching of satellite galaxies and
the origin of the red sequence of galaxies at I ⇡ 2.

5.1 Ionization source

Four main physical mechanisms have been proposed to explain the
origin of circumgalactic LyU emission: (a) recombination radiation

following photoionization by UV photons (usually known as fluo-
rescence; Hogan & Weymann 1987; Cantalupo et al. 2005); (b) UV
photons from shock-heated gas powered by galactic outflows and/or
relativistic jets (e.g., Taniguchi & Shioya 2000; Arrigoni Battaia
et al. 2015); (c) resonant scattering of LyU photons from an AGN
and star formation (e.g., Møller & Warren 1998; Villar-Martin et al.
1996; DÚkstra & Loeb 2009; Hayes et al. 2011; Cantalupo et al.
2014; Mas-Ribas et al. 2017; den Brok et al. 2020); and (d) cooling
radiation from gas falling into dark matter halos (e.g., Fardal et al.
2001; DÚkstra & Loeb 2009; Daddi et al. 2021). The latter is, how-
ever, unlikely to be the dominant process in J1000+0234, as there
exist (at least) two strong sources of ionization within the nebula.
First, there is a low-mass SFG (J1000+0234�South) with a UV lu-
minosity that implies a SFR of 148 ± 8"� yr�1. Second, there is
a dust-rich, rotating disk galaxy (J1000+0234�North) with a UV-
based SFR of 52.6 ± 8.5"� yr�1, which represents ⇡ 10% of the
total SFR (i.e., IR+UV SFR) of this massive SMG (Gómez-GuÚarro
et al. 2018).

Apart from star formation activity, two radio sources within
the LyU nebula might indicate AGN activity. The brightest radio
source ((3 GHz = 25 ± 6`Jy; SmolÃi∆ et al. 2017) is centered at the
locus of the SMG J1000+0234�North. We derive a monochromatic
1.4 GHz radio luminosity1 of !1.4 GHz = 5.2 ± 1.2 ⇥ 1024 W Hz�1

that is consistent with that of Type II AGNs at I ⇡ 3.1 (Ao et al. 2017;
Marques-Chaves et al. 2019). We also derive a FIR-to-1.4 GHz lu-
minosity ratio (@FIR) of 1.9± 0.1. Because the @FIR value for SFGs
at I = 4.5 is 2.1±0.2 (Magnelli et al. 2015; Delhaize et al. 2017),
there appears to be a mild excess of radio emission in J1000+0234
likely due to AGN activity. The close-to-orthogonal position an-

1 Derived from the observed 3 GHz flux density and using the relation
(a / a�U with U = 0.7
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Figure 8. (Left:) Voronoi tessellation map around J1000+0234 (indicated by the red circle). Overdense VTA cells are shown in yellow. The overdensity center
is denoted by the red cross. (Right:) Galaxy overdensity as a function of distance to the overdensity center. The grey region shows the error on the galaxy
overdensity parameter. The gray squares mark robust overdensity values, for which the Poisson probability of observing more or equal number of sources
than expected from the background galaxy surface density is  5%. The projected distance from the overdensity center to J1000+0234 is indicated by the red
downwards pointing arrow. The bottom panel presents the significance of the overdensity (Xgal/fXgal ) as a function of radius. The value of Xgal/fXgal = 3 is
indicated by the horizontal dashed line.

Table 2. LyU line emitters in the vicinity of J1000+0234.

Companion RA DEC _central I Proj. area Iso Flux LyU luminosity
[hh:mm:ss.sss] [dd:mm:ss.ss] [Å] [arcsec2 / kpc2] [⇥10�17erg s�1 cm�2] [⇥1042erg s�1]

C1 10:00:54.158 02:34:22.32 6701.4 4.512 ± 0.001 7.2 / 315 0.74 ± 0.03 1.51 ± 0.07
C2† 10:00:55.679 02:34:13.23 6721.8 4.529 ± 0.001 10.5 / 460 0.83 ± 0.04 1.71 ± 0.10
C3 10:00:54.398 02:34:14.25 6732.5 4.538 ± 0.002 13.8 / 600 0.85 ± 0.04 1.76 ± 0.10
C4 10:00:54.105 02:34:20.55 6733.0 4.538 ± 0.002 25.2 / 1090 1.46 ± 0.05 3.03 ± 1.10
C5 10:00:54.841 02:34:27.49 6736.0 4.541 ± 0.002 10.7 / 462 1.76 ± 0.05 3.65 ± 0.10

† Assuming that C2 corresponds to the [O��]_3727 doublet (see Section 4.3 for details), we compute I = 0.803 ± 0.001, proj. area of 580 kpc2, and [O��]
luminosity of 2.36 ± 0.11 ⇥ 1040erg s�1.

the faint radio source, it is also possible this is linked to a faint (and
thereby undetected) SFG. Under this assumption, and using the rms
noise level of the 870 `m map, we infer a 1f upper limit of @FIR of
0.452. This value is five times lower than the @FIR value for SFGs at
I = 4.5. As suggested by Radcli�e et al. (2021), such a large radio
excess with respect to the FIR-radio correlation of SFGs strongly
suggests the presence of an AGN. We thus conclude that the faint
radio source is likely another source of ionization of the LyU nebula,
either because this is a radio jet/lobe of the massive SMG or because
this is tracing an AGN host galaxy that is not robustly detected in
the UV nor FIR. Deeper multi-wavelength, high-resolution data is

2 The FIR luminosity is derived by adopting the rms noise level of the
ALMA imaging as an upper limit of the 870 `m flux density. We then use the
following approximation: (SMG

870 `m/(
A
870 `m / !SMG

FIR /!A
FIR, where (870 `m

and !FIR are the 870 `m flux density and FIR luminosity of the SMG and
the compact radio source (A ), respectively. Note that in this approximation,
we assume that the radio source is linked to a dusty (yet faint and undetected)
SFG whose dust spectral energy distribution has the same properties as that
of the bright SMG.

needed to perform robust AGN diagnostics. For instance, current
X-ray data only provides an upper limit for the X-ray luminosity of
J1000+0234 of 1043.1erg s�1 (SmolÃi∆ et al. 2015), which is still
significantly higher than the standard threshold to select X-ray AGN
(1042erg s�1; Szokoly et al. 2004).

5.1.1 CIV/LyU and HeII/LyU line ratios

After identifying all the potential ionization sources in the field
of the extended LyU blob, we use the C��_1550 and He��_1640
emission lines to better identify the origin and physical properties
of the emitting gas.

In Figure 9, we present the spatial distribution of the C��/LyU
and He��/LyU surface brightness (SB) ratios (upper panels) and their
associated 1f error (lower panels). These SB ratios are obtained as
follows: 1) we obtain an optimally extracted SB map of LyU _1216
emission using a spatial boxcar smoothing of 2 ⇥ 2 pixels, to match
the smoothing applied to the C�� and He�� SB maps (see Figure 2), 2)
we regrid the C�� and He�� SB maps to match both the pixel and sky
coordinate system of the LyU _1216 SB map, 3) we measure the rms
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A Mpc-scale galaxy overdensity a z=4..5 

A Voronoi tessellation analysis finds a galaxy overdensity around J1000+0234.

An overdensity is significantly detected out to a comoving radius of 5 Megaparsec (Mpc).
 It is centered at only ~500 comoving kpc away from J1000+0234. 
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Figure 6. Optimally extracted SB maps of the five emission-line sources in the vicinity of J1000+0234. The photometric redshifts (if available) of the UV
continuum sources located within the extended emission-line regions are shown in white. The UV counterparts of C3, C4, and C5 have a photometric redshift
of I? ⇡ 4.5. Therefore, we can robustly associate the C3, C4, and C5 emission-line regions with LyU_1216. Because there is no UV counterpart for C1 and
because C2 might correspond to the [O��]_3727 doublet of a I = 0.803 ± 0.001 foreground galaxy, we deem C1 and C2 as potential LyU_1216 emitting
sources at I ⇡ 4.5.

and their three robustly identified companions (C3, C4, and C5)
from the COSMOS2020 catalog.

We first run the Voronoi tessellation analysis which identifies
overdensities by partitioning a plane into convex polygons called
Voronoi cells. Each cell encloses exactly one point (in our case
one galaxy in the chosen �I range). The inverse of the area of
a galaxy’s cell e�ectively corresponds to the local galaxy surface
density for the given galaxy. The threshold above which a cell is
considered “overdense” was chosen to be the 80% quantile of the
cumulative distribution of cell densities obtained using 10 Mock
catalogs. The Mock catalogs were generated to contain the same
number of galaxies as present in the inner 1 deg2 of the COSMOS
field, but with randomly distributed positions over this area. For
more details about the method see Section 3.1.2. in SmolÃi∆ et al.
(2017). The Voronoi tessellation analysis results are presented in the
left panel of Figure 8., where we indicate only galaxies occupying
"overdense" cells. An overdensity, centered on the four sources,
J1000+0234, C3 and C5, is clearly discernible.

We further compute the galaxy overdensity parameter (X6) as
a function of distance from the identified center of the overdensity
that is RA=150.22578 deg and DEC=2.572560 deg. This is done
by equaling the overdensity center to the average right ascension
and declination of sources within the red circle in the left panel of
Figure 8 (see Section 3.1. in SmolÃi∆ et al. (2017) for more details).

The galaxy overdensity parameter, which is the contrast above the
background field, is defined as a function of radius (A):

Xg (A) ⌘
⌃r (A) � ⌃bg

⌃bg
=

⌃r (A)
⌃bg

� 1 , (1)

where ⌃r and ⌃bg are the local galaxy, and the background galaxy
surface density, respectively. The overdensity parameter then equals
zero, Xg = 0 (i.e., �⌃ = 0), for no observed overdensity, Xg > 0
indicates an overdensity, while Xg < 0 indicates an underdensity.

The average value of the background surface density (⌃bg) was
computed using nine di�erently positioned, circular, and not over-
lapping �bg = 706.86 arcmin2 areas. Errors, reflecting statistical
fluctuations, were then assigned on Xg (A) = 0, i.e. fXg=0 (A) (see
Section 3.1.3. in SmolÃi∆ et al. 2017 for more details).

The results are shown in the right panel of Figure 8, where we
show X6 as a function of radius, computed in steps of 0.1 arcminutes,
as well as the signal-to-noise ratio, X6/fXg .

We also indicate X6 values for which the Poisson probability
of observing more or equal the number of sources than expected
from the background galaxy surface density is  0.05, considering
these to be robust overdensity values. As seen in Figure 8, a galaxy
overdensity is detected out to a comoving radius of 5 Megaparsec
(Mpc) and it is centered at only ⇡500 comoving kpc away from
J1000+0234. At radii below 0.7 arcmin/1.5 comoving Mpc (cMpc),
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The fate of the J1000+0234 system

From previous studies: the gas dynamics and expected mass/size growth of J1000+0234 match 
those of quenched galaxies at z<2.

What is new: Using Chiang et al. (2013) 
predictions, the overdensity around J1000+0234 
at z = 4.5 has a low (20%) probability to evolve 
into a galaxy cluster with total mass of 1014 M .

BUT, how to quench J1000+0234?

AGN heating and then mass quenching?

⊙

z=0z=4.5

6 E.F. Jiménez-Andrade et al.

Figure 5. LyU_1216 line emission of J1000+0234 and five emission-line sources (C1-C5) identified within a 48 ⇥ 48 arcsec2 area around J1000+0234: as
observed on the plane of the sky (left panel) and along the wavelength/redshift axis ((right panel)). The color scale shows the flux density per voxel, normalized
to the minimum and maximum value observed in this subcube. The redshift values presented for the five companions are derived under the assumption that
the emission line corresponds to LyU_1216. The physical distance and redshift bins shown in the axis labels are computed at I = 4.545, that is, the systemic
redshift of J1000+0234. The discovery of these companions around J1000+0234 confirms that this system lies at the center of a galaxy overdensity, i.e., a
protocluster, at I = 4.5 (SmolÃi∆ et al. 2017).

The optimally-extracted SB maps of the five sources is presented
in Figure 6, while their optimally-extracted 1D spectra and inferred
line properties are shown in Figure 7 and Table 2, respectively.

To verify that the observed line emission from the five neigh-
boring sources around J1000+0234 corresponds to LyU _1216 at
I ⇡ 4.5, we identify their UV counterparts in the HST/WFC3 con-
tinuum imaging (Gómez-GuÚarro et al. 2018) and crossmatch their
positions with the CLASSIC COSMOS2020 photometric catalog
(Weaver et al. 2021). Using a 1.000 search radius, we find the follow-
ing:

(i) The two UV sources near the brightest emitting region
of C5 are linked to a COSMOS2020 source with photometric
redshift I? = 4.594 ± 0.050, log("¢/"�) = 10.24+0.10

�0.13, and

SFR = 56+19
�11 "� HA

�1.
(ii) The central UV source in C4 has a photometric red-

shift I? = 4.505+0.330
�0.280, log("¢/"�) = 8.62+0.18

�0.22 and SFR =
2.0+2.7

�0.5 "� HA
�1. The UV source at the South-West of the central

region of C4 is a foreground galaxy at I? = 1.623+0.470
�0.290.

(iii) The more compact UV source in C3 lies at I = 4.608+0.190
�0.170,

it has a stellar mass log("¢/"�) = 9.79+0.15
�0.23, and SFR =

25+44
�6 "� HA

�1. The more extended UV source is a foreground

galaxy at I = 0.892+0.050
�0.040.

(iv) The central UV source in C2 has a photometric red-
shift of I? = 0.781 ± 0.050, log("¢/"�) = 8.05 ± 0.09, and
SFR = 0.28+0.10

�0.12 "� HA
�1. Based on this redshift estimate, the

emission line of C2 at 6721.8 Å could correspond to the [O��]_3727
doublet at I = 0.803 ± 0.001. Indeed, the inferred [O��]-based SFR
(Kennicutt 1998) of 0.35 ± 0.10 "� yr�1matches that reported in
the CLASSIC COSMOS2020 catalog. The observed separation be-
tween the peaks of ⇡ 3Å also agrees with that of the [O��]_3727
doublet. Yet no other emission line is robustly detected at the locus
of C2 in the MUSE data cube, which prevents us from firmly asso-
ciating the 6721.8 Å line with [O��]_3727 and confirming that C2
lies at I ⇠ 0.8. Given the ambiguity in the nature of the 6721.8 Å

line, we do not rule out C2 as a likely LyU _1216 companion around
J1000+0234.

(v) No UV continuum counterpart is identified for C1. We deem
this source as another potential LyU _1216 emitter at I = 4.512.

In summary, the photometric redshifts of the UV counterparts
of the extended C3, C4, and C5 sources support our initial assump-
tion that their emission lines at ⇡6735 Å correspond to LyU _1216.
Focusing on these three –robustly identified– companions around
J1000+0234, we observe that their LyU _1216 luminosity ranges
from 1.8 to 3.6 ⇥ 1042erg s�1. Interestingly, the luminosity of these
sources and their redshift/velocity o�set with respect to J1000+0234
are anti-correlated (Table 2), i.e., the more luminous companions are
closer (along the line of sight) to J1000+0234. The nearest compan-
ion, C5, lies at a projected distance of ⇡ 50 kpc to the South-East
of J1000+0234, while the farthest one (C3) lies at ⇡ 140 kpc to the
South of J1000+0234. While LyU _1216 emission in C5 is concen-
trated in a single component with a projected area of 315�460 kpc2,
the LyU _1216 emission of C3 and C4 displays an extended, clumpy
morphology that spreads out to a projected distance of 600 and
1090 kpc2, respectively.

4.3.1 A galaxy overdensity around J1000+0234

Using the COSMOS2015 photometric catalog (Laigle et al. 2016),
SmolÃi∆ et al. (2017) anticipated that J1000+0234 belongs to a
galaxy overdensity. This result is reinforced by the discovery of
LyU _1216 emitters at I ⇡ 4.5 in the 317 ⇥ 317 kpc2 (unflagged)
FoV of our MUSE data cube. Here, we verify the overdensity by
repeating the analysis presented by SmolÃi∆ et al. (2017) using
the new COSMOS2020 photometric redshift catalog (Weaver et al.
2021) and the LyU-detected sources in this work.

For this analysis, we restrict the COSMOS2020 CLASSIC
catalog to (Subaru Suprime-Cam) sources with 8  27.03 to match
the magnitude limit to our faintest MUSE source. The selected
sources lie within the Ultravista area (FLAG_UVISTA = 0) and fall
within the redshift range of �I = 0.53 centered at the redshift of
J1000+0234. No sources in the photometrically flagged areas in the
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Summary

LABs: observational signatures of galaxy over-densities at high redshifts, within which galaxy mergers can 
trigger intense star formation and AGN episodes.

The clustering around J1000+0234 agrees with the proposed evolutionary link between SMGs in rich 
environments and local elliptical galaxies that reside at the center of galaxy clusters. 

The HeII line is key to study the gas kinematics within LABs. It helps to refute an expanding shell model 
and supports a scenario of overlapping clouds.

Status: draft submitted to MUSE consortium and COSMOS team for final round of suggestions… 


