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s Submillimetre Galaxies (SMGs; e.g. Geach et al. 2005 , 2014 ,
016 ; Hine et al. 2016 ; Guaita et al. 2022 ). The rare population of
ABs around dusty galaxies with infrared luminosities log ( L IR /L �)

12 has an average source density of only ∼ 0 . 1 deg −2 (Bridge
t al. 2013 ), likely because these systems undergo a short-lived,
ntense feedback phase that transforms high-redshift starbursts into
ature/quenched systems (e.g. Bridge et al. 2013 ; Toft et al. 2014 ).
ABs around luminous SMGs in rich environments might thus

epresent an early stage in the assembly of z � 2 massive, quiescent
alaxies (e.g. Gobat et al. 2012 ; Glazebrook et al. 2017 ) and local
assi ve passi ve elliptical galaxies (e.g. Toft et al. 2014 ; Stach

t al. 2021 ). To explore these scenarios, an accounting of energetic
rocesses and environment around SMGs within LABs is needed. 
evertheless, information on the ionizing photon budget and overall 
inematics of LABs is hampered by the resonant nature of Ly α line
mission and, in the specific case of SMGs, dust absorption. 

First, extended Ly α emission can be a result of resonant scattering 
f Ly α photons associated with star formation (e.g. Dijkstra & Loeb 
009a ; Behrens & Braun 2014 ; Faucher-Gigu ̀ere et al. 2015 ; Lake
t al. 2015 ; Momose et al. 2016 ; Mas-Ribas et al. 2017 ), gravita-
ional cooling radiation (e.g. Fardal et al. 2001 ; Dijkstra & Loeb
009b ), Ly α fluorescence, i.e. recombination radiation produced by 
as photoionized by active galactic nuclei (AGNs) and/or cosmic 
ltraviolet (UV) background (e.g. Cantalupo 2017 for a re vie w), and
hock-heated gas by galactic superwinds (e.g. Taniguchi & Shioya 
000 ). Thus, complementary to Ly α observ ations, kno wledge of
ther UV emission lines such as C IV λ1550 (C IV ) and He II λ1640
He II ) are necessary to infer better the physical processes powering
y α emission (e.g. Villar-Mart ́ın, Tadhunter & Clark 1997 ; Villar- 
art ́ın et al. 2007 ; Cantalupo et al. 2019 ). The C IV /Ly α and
e II /Ly α line ratios, in particular, can be compared with pho-

oionization model predictions to disentangle the contribution of 
tellar-photoionized and AGN-ionized gas to the observed Ly α line 
mission (Villar-Mart ́ın et al. 2007 ; Arrigoni Battaia et al. 2015 ;
aminha et al. 2016 ; Cantalupo et al. 2019 ; Humphrey et al. 2019 ;
arques-Chaves et al. 2019 ; Herenz et al. 2020 ). Additionally, 
 IV line observations alone can inform about the distribution of
etal-enriched gas in high-redshift nebulae (e.g. Marques-Chaves 

t al. 2019 ). 
Secondly, despite the significant progress made to reproduce the 

bserved Ly α properties of galaxies at high redshifts via radiative 
ransfer modelling (e.g. Zheng et al. 2010 ; Sadoun et al. 2019 ;
ong, Seon & Hwang 2020 ; Gurung-Lopez et al. 2021 ), kinematic

nformation inferred from Ly α emission (e.g. Verhamme, Schaerer & 

aselli 2006 ; Orsi, Lacey & Baugh 2012 ) is highly model dependant.
iven the non-resonant nature of He II , this line arises as an
nbiased probe of the gas kinematics (e.g. Cantalupo et al. 2019 ).
nfortunately, observations of the relative faint He II and C IV lines in
igh-redshift galaxies are sparse (Prescott, Dey & Jannuzi 2009 ; 
aminha et al. 2016 ), and have been preferentially detected in 
xtreme environments around bright AGN/QSO (Dey et al. 2005 ; 
ai et al. 2017 ; Cantalupo et al. 2019 ; Marino et al. 2019 ; Marques-
haves et al. 2019 ; den Brok et al. 2020 ). 
Here, we use the Multi-Unit Spectroscopic Explorer (MUSE) 

nstrument to detect and characterize extended Ly α, C IV , and
e II emission around J1000 + 0234: a pair of galaxies at z = 4.5

onstituted by an SFG with low stellar mass (log ( M � /M �) =
.2 ± 0.1) neighbouring a massive (log ( M � /M �) = 10.1 ± 0.1) SMG
G ́omez-Guijarro et al. 2018 ). We combine these observations with 
xisting data from the Atacama Large Millimeter Array (ALMA) 
nd Hubble Space Telescope ( HST ) to study the ionizing mecha-
isms, kinematics, and large-scale environment of the LAB around 
1000 + 0234. We use this knowledge to evaluate evolutionary links
etween luminous SMGs in rich environments at z > 3, LABs, and
uiescent systems in the centre of present-day galaxy clusters. This 
anuscript is organized as follows. The properties of J1000 + 0234

re given in Section 2 . The details of the observations and data
nalysis are presented in Section 3 , while the results are shown in
ection 4 . Finally, we discuss and summarize our main results in
ection 5 . Throughout, we assume a cosmology of h 0 = 0.7, �M 

=
.3, and �� 

= 0 . 7. 

 J 1 0 0 0  + 0 2 3 4  

he system J1000 + 0234 was identified in the 1.1 mm map of the
OSMOS field obtained with the AzTEC camera (Wilson et al. 
008 ) and the James Clerk Maxwell Telescope (Scott et al. 2008 ).
1000 + 0234 was subsequently associated with a Lyman Break 
alaxy (LBG) using long-slit spectroscopy with the DEIMOS 

nstrument at the Keck telescope, which revealed a prominent 
ouble-peaked Ly α line profile at z = 4.547 (Capak et al. 2008 ).
2 CO(2 −1) and 12 CO(4 −3) line observations unveiled a massive 
old gas reservoir of M gas � 2.6 × 10 10 M � (Schinnerer et al.
008 ) in J1000 + 0234. Imaging with the HST and the Wide Field
amera 3 (WFC3), tracing the rest-frame UV emission, revealed 

hat J1000 + 0234 is composed of two major – likely interacting
components separated by a projected distance of ≈ 6 kpc (see

ig. 1 ; G ́omez-Guijarro et al. 2018 ). The northern and more massive
omponent (log ( M � /M �) = 10.1 ± 0.1; J1000 + 0234 −North) is
mbedded in a dusty environment with log ( L IR /L �) = 12.6 ± 0.6 and
otal star formation rate SFR = 500 + 1200 

−320 M � yr −1 (G ́omez-Guijarro
t al. 2018 ). A strong, double-peaked [C II ] 158 μm emission line
as detected with ALMA at the position of J1000 + 0234 −North (at
 = 4.540), indicating that this is a single, rapidly rotating disc with
 dynamical mass of log ( M dyn /M �) = 11.4 −11.6 (Jones et al. 2017 ;
raternali et al. 2021 ). 
The southern component, J1000 + 0234 −South, has a stellar mass

f log ( M � /M �) = 9.2 ± 0.1, thus ∼10 times lower thanthat of
1000 + 0234 −North. Yet, it emits the bulk of the rest-frame UV
mission (75 per cent) observed with HST , consistent with the fact
hat no dust continuum (nor [C II ] line) emission has been detected
owards this component (Capak et al. 2008 ; G ́omez-Guijarro et al.
018 ). The UV emission indicates a SFR = 148 ± 8 M � yr −1 and a
V slope ( β) of −2, as expected for LBGs at similar redshift (G ́omez-
uijarro et al. 2018 , and references therein). Finally, the SFR and

tellar mass of J1000 + 0234 −South and J1000 + 0234 −North imply
hat these galaxies lie at 1.3 and 1.0 de x, respectiv ely, abo v e the main
equence of SFGs at z = 4.5 (assuming the relation from Schreiber
t al. 2015 ). In other words, the SFRs of J1000 + 0234 −North
nd J1000 + 0234 −South are one order of magnitude higher than
hat of normal, main-sequence galaxies at the same redshift and 
tellar mass range. We, therefore, deem J1000 + 0234 −South and
1000 + 0234 −North as starburst galaxies. 

 MUSE  OBSERVATI ONS  A N D  DATA  ANALYS IS  

.1 Obser v ational data and reduction 

1000 + 0234 has been observed with MUSE mounted on the Very
arge Telescope (VL T -Yepun, UT4) using 16 exposures of 900 s and
round-layer adaptive optics. Each exposure was dithered slightly 
randomly by ≈1–2 arcsec) and rotated by 90 deg compared to the
revious exposure. These data were obtained over three observing 
locks on 2019 March 7, April 8, and May 5, under good weather
MNRAS 521, 2326–2341 (2023) 
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Figure 5. Ly α line emission of J1000 + 0234 and five emission-line sources (C1–C5) identified within a 48 × 48 arcsec 2 area around J1000 + 0234: as observed 
on the plane of the sky (left-hand panel) and along the wavelength/redshift axis (right-hand panel). The colour 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 Ly α. The physical distance and redshift bins shown in the axis labels are computed at z = 4.545. The disco v ery of these 
companions around J1000 + 0234 support earlier results suggesting that this system resides in a galaxy o v erdensity, i.e. a protocluster, at z = 4.5 (Smol ̌ci ́c et al. 
2017a ). 
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he emission peaks of these sources are detected within a spectral 
indow 6699.9–6743.6 Å , implying a redshift offset δz < 0.033 

and velocity offset δv < 1800 km s −1 ) with respect to J1000 + 0234.
xtending the search for Ly α companions to larger spectral windows 
nly reveals a detection of a potential Ly α emitter at z = 4.428, which
s too distant ( δz = 0.117, i.e. δv ≈ 6300 km s −1 ) from J1000 + 0234
o suggest membership. The optimally extracted SB maps of the five 
ources is presented in Fig. 6 , while their optimally extracted 1D
pectra and inferred line properties are shown in Fig. 7 and Table 2 ,
espectively. 

To verify that the observed line emission from the five neighbour- 
ng sources around J1000 + 0234 corresponds to Ly α at z ≈ 4.5, we
dentify their UV counterparts in the HST /WFC3 continuum imaging 
G ́omez-Guijarro et al. 2018 ) and cross-match their positions with 
he CLASSIC COSMOS2020 photometric catalogue (Weaver et al. 
021 ). Using a 1 . ′′ 0 search radius, we find the following: 

(i) The two UV sources near the brightest emitting region of
5 are linked to a COSMOS2020 source with photometric red- 

hift z p = 4.594 ± 0.050, log ( M � / M �) = 10 . 24 + 0 . 10 
−0 . 13 , and SFR =

6 + 19 
−11 M � yr −1 .
(ii) The central UV source in C4 has a photometric redshift z p =

 . 505 + 0 . 330 
−0 . 280 , log ( M � / M �) = 8 . 62 + 0 . 18 

−0 . 22 and SFR = 2 . 0 + 2 . 7 
−0 . 5 M � yr −1 .

he UV source at the south-west of the central region of C4 is a
oreground galaxy at z p = 1 . 623 + 0 . 470 

−0 . 290 .
(iii) The more compact UV source in C3 lies at z = 4 . 608 + 0 . 190 

−0 . 170 ,
t has a stellar mass log ( M � / M �) = 9 . 79 + 0 . 15 

−0 . 23 , and SFR =
5 + 44 

−6 M � yr −1 . The more extended UV source is a foreground galaxy
t z = 0 . 892 + 0 . 050 

−0 . 040 .
(iv) The central UV source in C2 has a photometric redshift of

 p = 0.781 ± 0.050, log ( M � /M �) = 8.05 ± 0.09, and SFR =
 . 28 + 0 . 10 

−0 . 12 M � yr −1 . Based on this redshift estimate, the emission line
f C2 at 6721.8 Å could correspond to the [O II ] λ3727 doublet at
 = 0.803 ± 0.001. Indeed, the inferred [O II ]-based SFR (Kennicutt
998 ) of 0.35 ± 0.10 M � yr −1 matches that reported in the CLASSIC
OSMOS2020 catalogue. Assuming z = 0.803 ± 0.001, the rest- 

rame separation between the peaks would be ≈3 Å , which agrees 
ith that of the [O II ] λ3727 doublet. In addition, the symmetric
ouble-peaked line at 6721.8 Å would be at odds with the typical 
y α line profiles of high-redshift galaxies where the blue peak can be
ignificantly absorbed by the foreground intergalactic medium (e.g. 
aursen, Sommer-Larsen & Razoumov 2011 ; Hayes et al. 2021 ),
lthough prominent blue peaks due to gas accretion are expected 
s well (Ao et al. 2020 ). Since no other emission line is robustly
etected at the locus of C2 in the MUSE data cube, we cannot firmly
ssociate the 6721.8 Å line with [O II ] λ3727 and confirm that C2 lies
t z ≈ 0.8. Given the ambiguity in the nature of the 6721.8 Å line, we
o not rule out C2 as a likely Ly α companion around J1000 + 0234. 
(v) No UV continuum counterpart is identified for C1. We deem

his source as another potential Ly α emitter at z = 4.512. 

In summary, the photometric redshifts of the UV counterparts 
f the extended C3, C4, and C5 sources support our initial
ssumption that their emission lines at ≈6735 Å correspond to 
y α. Focusing on these three – robustly identified – companions 
round J1000 + 0234, we observe that their Ly α luminosity ranges
rom 1.8 to 3.6 × 10 42 erg s −1 . Interestingly, the luminosity of these
ources and their redshift/velocity offset with respect to J1000 + 0234
re anticorrelated (Table 2 ), i.e. the more luminous companions are
loser (both on the plane of the sky and along the line of sight)
o J1000 + 0234. The nearest companion, C5, lies at a projected
istance of ≈50 kpc to the south-east of J1000 + 0234, while the
arthest one (C3) lies at ≈140 kpc to the South of J1000 + 0234.

hereas Ly α emission in C5 is concentrated in a single component
ith a projected area of 315 −460 kpc 2 , the Ly α emission of C3 and
4 displays an extended, clumpy morphology that spreads out to a
rojected distance of 600 and 1090 kpc 2 , respectively. 

.3.1 A galaxy overdensity around J1000 + 0234 

sing the COSMOS2015 photometric catalogue (Laigle et al. 2016 ), 
mol ̌ci ́c et al. ( 2017a ) anticipated that J1000 + 0234 belongs to a
alaxy o v erdensity. This result is reinforced by the disco v ery of
y α emitters at z ≈ 4.5 in the 317 × 317 kpc 2 (unflagged) FoV of
ur MUSE data cube. Here, we verify the o v erdensity by repeating
he analysis presented by Smol ̌ci ́c et al. ( 2017a ) using the new
OSMOS2020 photometric redshift catalogue (Weaver et al. 2021 ) 
nd the Ly α-detected sources in this work. 
MNRAS 521, 2326–2341 (2023) 
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Table 2. Ly α line emitters in the vicinity of J1000 + 0234. 

Companion RA Dec. λcentral z Proj. area Iso flux Ly α luminosity 
(hh:mm:ss.sss) (dd:mm:ss.ss) ( Å) (arcsec 2 / kpc 2 ) ( ×10 −17 erg s −1 cm 

−2 ) ( × 10 42 erg 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 a 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 

a Assuming that C2 corresponds to the [O II ] λ3727 doublet (see Section 4.3 for details), we compute z = 0.803 ± 0.001, proj. area of 580 kpc 2 , and [O II ] 
luminosity of 2.36 ± 0.11 × 10 40 erg s −1 . 

Figure 8. Left: Voronoi tessellation map around J1000 + 0234 (indicated by the red circle). Overdense VTA cells are shown in yellow. The o v erdensity centre 
is denoted by the red cross. Right: Galaxy o v erdensity as a function of distance to the o v erdensity centre. The grey region shows the error on the galaxy 
o v erdensity parameter. The grey squares mark robust overdensity values, for which the Poisson probability of observing more or an equal number of sources
than expected from the background galaxy surface density is ≤ 5 per cent . The projected distance from the o v erdensity centre to J1000 + 0234 is indicated by
the red downwards pointing arrow. The bottom panel presents the significance of the o v erdensity ( δgal /σδgal ) as a function of radius. The value of δgal /σδgal = 3 
is indicated by the horizontal dashed line. 
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f 0.45 3 This value is five times lower than the q FIR value for SFGs
t z = 4.5. As suggested by Radcliffe et al. ( 2021 ), such a large radio
xcess with respect to the FIR-radio correlation of SFGs strongly
uggests the presence of an AGN. We thus conclude that the faint
adio source is likely another source of ionization of the Ly α nebula,
ither because this is a radio jet/lobe of the massive SMG or because
his is tracing an AGN host galaxy that is not robustly detected in
he UV nor FIR. Deeper multiwavelength, high-resolution data is
eeded to perform robust AGN diagnostics. For instance, current
-ray data only provides an upper limit for the X-ray luminosity
f J1000 + 0234 of 10 43 . 1 erg s −1 (Smol ̌ci ́c et al. 2015 ), which is still
NRAS 521, 2326–2341 (2023) 

 The FIR luminosity is derived by adopting the rms noise level of the 
LMA imaging as an upper limit of the 870 μm flux density. We then use 

he following approximation: S SMG 
870 μm 

/S r 870 μm 

∝ L 

SMG 
FIR /L 

r 
FIR , where S 870 μm

nd L FIR are the 870 μm flux density and FIR luminosity of the SMG and the 
ompact radio source ( r ), respectively. Note that in this approximation, we 
ssume that the radio source is linked to a dusty (yet faint and undetected) 
FG whose dust spectral energy distribution has the same properties as that 
f the bright SMG. 

t  

o  

o  

t  

(  

t  

m  

w  

t  

v  

r  
ignificantly higher than the standard threshold to select X-ray AGN
10 42 erg s −1 ; Szokoly et al. 2004 ). 

.1.1 CIV/Ly α and He II /Ly α line ratios 

fter identifying all the potential ionization sources in the field of
he extended Ly α blob, we use the C IV and He II emission lines to
etter identify the origin and physical properties of the emitting gas.
In Fig. 9 , we present the spatial distribution of the C IV /Ly α

nd He II /Ly α surface brightness (SB) ratios (upper panels) and
heir associated 1 σ error (lower panels). These SB ratios are
btained as follows: (1) we obtain an optimally extracted SB map
f Ly α emission using a spatial boxcar smoothing of 2 × 2 pixels,
o match the smoothing applied to the C IV and He II SB maps
see Fig. 2 ), (2) we regrid the C IV and He II SB maps to match both
he pixel and sky coordinate system of the Ly α SB map, (3) we

easure the rms noise level of the C IV and He II SB maps, (4)
e replace each pixel without detected emission (i.e. SNR < 3) in

he optimally extracted C IV and He II SB maps with the 1 σ noise
 alue deri v ed abo v e, (5) we deriv e the C IV /L y α and He II /L y α line
atio on a pix el-by-pix el basis. Note that for the regions where C IV or
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hile such a merger could be stripping gas from the minor 
ompanion J1000 + 0234 −South, it is known that the mechanisms 
eading to stripping can briefly enhance star formation (e.g. Cortese, 
atinella & Smith 2021 , and references therein), consistent with the 

tarburst nature of J1000 + 0234 −South. As discussed in Section 5.1 ,
igorous star formation activity might be the dominant ionization 
ource of Ly α emission around J1000 + 0234 −South, while AGN 

ctivity and dust-unobscured star formation are the potential main 
rivers of extended Ly α emission around J1000 + 0234 −North. 
ur kinematical analysis suggests the presence of two He II 

mitting clouds along the line of sight with a relative velocity of
00 km s −1 , consistent with the scenario in which J1000 + 0234 is
n interacting system whose components are on a collision course 
r receding from each other (after a passage). Interestingly, despite 
he indications of galaxy interactions in this system, the SMG 

1000 + 0234 −North preserves a rotationally supported gas disk, 
uggesting that any previous merging activity (that triggered the 
GN and the starburst phase in the J1000 + 0234 system) involved

ow-mass companions that did not disrupt the disk. This scenario 
as been proposed for the SMG W0410-0913 that also harbours 
 rotationally-supported gas disk and resides in an o v erdense 
nvironment at z ≈ 3.6 (Ginolfi et al. 2022 ). The results presented 
ere (and in Ginolfi et al. 2022 ) agree with expectations from
umerical simulations indicating that, rather than major mergers, 
mooth accretion from cosmological filaments and minor mergers 
re the dominant mechanisms regulating the growth of high-redshift 
alaxies in o v erdense environments (Romano-D ́ıaz et al. 2014 ).
lso, the observed properties of J1000 + 0234 seem to agree with
umerical simulations predicting that merging activity does not 
ecessarily disrupt disks, particularly in gas-rich systems like 
1000 + 0234 (Schinnerer et al. 2008 ) where even the residual gas
rom major mergers may reform a disk (e.g. Springel & Hernquist 
005 ; Romano-D ́ıaz et al. 2011 ; Martin et al. 2018 ; Peschken,
okas & Athanassoula 2020 ) – albeit other physical conditions like 

he orbital configuration of the merging system (Zeng, Wang & Gao 
021 ) and the time after the merger may be at play here as well. 
The evolutionary path that the system J1000 + 0234 will follow can

e discussed in terms of cluster formation and the assembly of local
lliptical galaxies. We first use the predictions from cosmological 
imulations in Chiang et al. ( 2013 ) to verify if J1000 + 0234 matches
he expected observational signatures of galaxy proto-clusters. Based 
n the results shown in Fig. 8 , the o v erdensity around J1000 + 0234
xtends out to a 5cMpc radius (10cMpc diameter) where δg ≈ 0.5. 
omparing with the results from Chiang et al. ( 2013 ) for a (15 cMpc) 3 

olume, that is the one that resembles the most to our observations,
e find that the o v erdensity around J1000 + 0234 at z = 4.5 has a low
robability ( < 20%) to evolve into a galaxy cluster with a total mass of

10 14 M � at z = 0. In that event, the J1000 + 0234 system would be
onsistent with the proposed evolutionary link between z > 3 SMGs
nd their descendant, massive elliptical galaxies at z = 0 (Geach et al.
005 ; Toft et al. 2014 ; Stach et al. 2021 ) that preferentially reside
t the centre of galaxy clusters. Such a scenario involves the abrupt
essation of star formation in z > 3 dusty starbursts (Jones et al.
017 ) that subsequently merge with quenched satellite galaxies (e.g. 
av ́e, Rafieferantsoa & Thompson 2017 ). As previously discussed by 
 ́omez-Guijarro et al. ( 2018 ) and Fraternali et al. ( 2021 ), there exists

ndirect evidence suggesting a possible evolution of J1000 + 0234 into 
 local early-type galaxy. First, the expected growth in mass and size
f the SMG J1000 + 0234 −North, including the contribution of minor
ergers, broadly agrees with the properties of the compact quiescent 

alaxies at z ≈ 2 (G ́omez-Guijarro et al. 2018 ) that are the progenitors
f local massive ellipticals. Second, the inner potential well of 
he SMG J1000 + 0234 −North, probed by the [C II ] kinematics, is
omparable with that of the most massive early-type galaxies in the
ocal universe (Fraternali et al. 2021 ), providing dynamical evidence 
f the evolutionary link between the J1000 + 0234 system and local
llipticals. 

While the observational results presented here suggest that 
1000 + 0234 reside at the centre of a potential proto-cluster, the
echanisms that can suppress star formation in the central SMG 

1000 + 0234 −North remain unclear. A plausible scenario might 
nvolve ‘mass quenching’. Galaxies with stellar masses a factor of 

2 larger than J1000 + 0234 −North (i.e. M � ∼ 10 10 . 5 M �, with dark
atter haloes ∼ 10 12 M �) are expected to form a hot gas corona

hat can shut off the gas supply from the cosmic web and prevent
he cooling of gas (Gabor et al. 2010 , and references therein). The
ctivity of an AGN, like the one inferred for J1000 + 0234 −North,
an act as an additional heating source (e.g. Croton et al. 2006 ),
uppressing the formation of stars in such massive galaxies.

 C O N C L U S I O N S  

e use MUSE observations to characterize extended Ly α, C IV , and
e II emission around J1000 + 0234; a pair of galaxies at z =
.5 in the COSMOS field. J1000 + 0234 −North is a massive
MG (log ( M � /M �) = 10.1 ± 0.1) exhibiting a rotating [C II ]
isc with SFR = 500 + 1200 

−320 M � yr −1 (G ́omez-Guijarro et al. 2018 ;
raternali et al. 2021 ), while J1000 + 0234 −South is a UV-bright,

ow-mass SFG (log ( M � /M �) = 9.2 ± 0.1) with SFR = 148 ±
 M � yr −1 (G ́omez-Guijarro et al. 2018 ). By combining MUSE ob-
ervations with existing ALMA and HST data, we find the following:

(i) We detect Ly α emission that peaks at the locus of
1000 + 0234 −South and extends over a projected area of 1853 kpc 2 ,
ith a maximum linear projected size of ≈43 kpc (Fig. 2 ).
ased (optimally extracted) flux of F 

obs 
Ly α = (19 . 79 ± 0 . 15) ×

0 −17 erg s −1 cm 

−2 , we compute a total line luminosity of L 

obs 
Ly α =

40 . 17 ± 0 . 31) × 10 42 erg s −1 . J1000 + 0234 is among the most com-
act and least luminous high-redshift Ly α nebulae (see Fig. 4 ). 

(ii) He II line emission is also detected around J1000 + 0234 −North
Fig. 2 ). This emission, extending out to a projected area of
 . 7 arcsec 2 ≈ 159 kpc 2 , reaches a maximum near the locus of a
aint radio source at 1 . ′′ 5 to the South-West of J1000 + 0234 −North
likely a radio jet). With a flux of F 

obs 
HeII = (0 . 27 ± 0 . 03) ×

0 −17 erg s −1 cm 

−2 , we compute a to total line luminosity of L He II =
0.57 ± 0.06) × 10 42 erg s −1 . 

(iii) We detect C IV line emission around J1000 + 0234 −North that
xtends out to a projected area of 3 . 7 arcsec 2 ≈ 159 kpc 2 (Fig. 2 ). The
easured flux of F 

obs 
CIV = (0 . 37 ± 0 . 03) × 10 −17 erg s −1 cm 

−2 leads
o a total line luminosities of L C IV = (0.76 ± 0.07) × 10 42 erg s −1 .

(iv) We detect three Ly α emitters (C3, C4, C5) spanning o v er a
edshift bin �z ≤ 0.007 (i.e. � 380 km s −1 ) located at � 140 kpc
rom J1000 + 0234 (Fig. 6 ). These companions have a projected
rea ranging from 460 to 1090 kpc 2 and Ly α line luminosities of
.8 −3.6 × 10 42 erg s −1 . We identify a galaxy o v erdensity that is
entred at only ≈500 comoving kpc away from the J1000 + 0234
ystem. We estimate an o v erdensity parameter ( δg ) of 6 ± 1 at a co-
oving radius of 1.2 Mpc. This result supports earlier indications that

1000 + 0234 lies near the centre of a Mpc-scale galaxy o v erdensity
t z = 4.5 (Smol ̌ci ́c et al. 2017a ). 

(v) The C IV /Ly α and He II /Ly α Line ratios are maximal
n the vicinity of J1000 + 0234 −North (Fig. 9 ). These line ratios
 ≈0.2 −0.4) are consistent with those observed in Type II AGN and
igh-redshift radio galaxies (Shapley et al. 2003 ; Marques-Chaves 
MNRAS 521, 2326–2341 (2023) 
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t al. 2019 ). Here, Ly α emission might be driven by the AGN and
ssociated jet in J1000 + 0234 −North. 

(vi) At the locus of J1000 + 0234 −South, where Ly α emission
eaks but no He II nor C IV emission is detected (Figs 2 and 9 ), the
 IV /Ly α and He II /Ly α line ratios are smaller than 0.007 and 0.004,

especti vely. These lo w line ratios hint at the possibility that the gas
round J1000 + 0234 −South does not receive enough incident flux
rom the AGN. Here, Ly α emission might be driven by the starburst
n J1000 + 0234 −South. 

(vii) There is marginal evidence for two He II -emitting clouds
eparated by 10 Å and 6 kpc (projected on the sky plane). This
uggests that the velocity structure of this LAB is the result of two
 v erlapping haloes. The two Ly α peaks might correspond to two
mitting clouds in the J1000 + 0234 system approaching one another
or receding from each other after a passage) with a relative velocity
f ≈400 km s −1 .

This study strengthens the role of LABs as observational signatures
f galaxy o v erdensities at high redshifts, within which galaxy
ergers can trigger intense star formation and AGN episodes in a

entral, dust-enshrouded massive galaxy that preserves a rotationally
upported gas disc. The clustering around J1000 + 0234 also hints at
he proposed evolutionary link between SMGs in rich environments
nd local elliptical galaxies that reside at the centre of galaxy clusters.
oreo v er, this work is an instructive example of how spatially

esolved observations of He II and C IV line emission are key to
nveiling the driving mechanism of high-redshift LABs, particularly
hose associated with the core of galaxy o v erdensities where total line
atios can be strongly affected by blending. This study also showcases
he benefits of using the He II line emission to study the gas kinematics
ithin LABs, because observations of the non-resonant Ly α line

onv e y more uncertainties to the already complex configuration
f peculiar velocities in the centre of galaxy o v erdensities. In this
ontext, observations with the James Webb Space Telescope will be
ecessary to map the kinematical structure of z ≈ 4 protocluster of
alaxies using, for example, H α and H β, which will also serve to
nv eil the relativ e contribution of AGN, star formation, and cooling
adiation to the origin of LABs. 
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