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A B S T R A C T 

Moti v ated by spectroscopic confirmation of three o v erdense re gions in the COSMOS field at z ∼ 3.35, we analyse the uniquely 

deep multiwavelength photometry and extensive spectroscopy available in the field to identify any further related structure. We 
construct a three-dimensional density map using the Voronoi tesselation Monte Carlo method and find additional regions of 
significant o v erdensity. Here, we present and e xamine a set of six o v erdense structures at 3.20 < z < 3.45 in the COSMOS 

field, the most well-characterized of which, PCl J0959 + 0235, has 80 spectroscopically confirmed members and an estimated 

mass of 1.35 × 10 

15 M �, and is modelled to virialize at z ∼ 1.5 −2.0. These structures contain 10 o v erdense peaks with > 5 σ

o v erdensity separated by up to 70 cMpc, suggestive of a proto-supercluster similar to the Hyperion system at z ∼ 2.45. Upcoming 

photometric surv e ys with JWST such as COSMOS-Web, and further spectroscopic follow-up will enable more e xtensiv e analysis 
of the evolutionary effects that such an environment may have on its component galaxies at these early times. 

Key words: galaxies: clusters: general – galaxies: evolution. 

1  I N T RO D U C T I O N  

Galaxy clusters are dense neighbourhoods of galaxies whose mem- 
bers are gravitationally bound, with halo masses of log( M /M �) � 14 
(e.g. van der Burg et al. 2014 ; Balogh et al. 2020 ; Hung et al. 2021 ). 
Associations of galaxy clusters, known as superclusters, are, while 
rare, the largest o v erdense structures in the Universe (e.g. Raychaud- 
hury et al. 1991 ; Tully et al. 2014 ; Einasto et al. 2021 ), though many 
of them may not in fact gravitationally collapse in the future (Chon, 

� E-mail: bforrest@ucdavis.edu 

B ̈ohringer & Zaroubi 2015 ; Remus, Dolag & Dannerbauer 2023 ). 
Regardless, the progenitors of such structures should in principle be 
detectable with significant amounts of spectroscopic data and high 
quality photometry o v er substantial fields of view. 

The progenitors of galaxy clusters, protoclusters, are predicted 
to extend over ∼10 −20 cMpc at z ∼ 2 and even larger areas at 
earlier epochs (e.g. Chiang, Overzier & Gebhardt 2013 ). Indeed, such 
systems have been identified out to high redshifts (e.g. Steidel et al. 
1998 ; Venemans et al. 2002 ; Ouchi et al. 2005 ; Capak et al. 2011 ; Ito 
et al. 2023 ), though in many cases in-depth characterizations of the 
systems are not possible without further spectroscopic information. 
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Extensi ve follo w-up of se v eral protocluster systems hav e unv eiled 
much larger, extended structures with multiple overdensity peaks, as 
in SSA22 (e.g. Steidel et al. 1998 ; Yamada et al. 2012 ), the Spiderweb 
(e.g. Pentericci et al. 2000 ; Jin et al. 2021 ), Hyperion (Cucciati et al. 
2018 , and references therein), PCl J0227-0421 (Lemaux et al. 2014 ; 
Shen et al. 2021 ), PCl J1001 + 0220 (Lemaux et al. 2018 , Staab, 
in preparation), and PCl J0332-2749 (Forrest et al. 2017 , Shah, in 
preparation). 

Recently, the Massive Ancient Galaxies at z > 3 Near-infrared 
surv e y (MAGAZ3NE; Forrest et al. 2020 ) detected two protoclusters 
with 22 spectroscopically confirmed members at z ∼ 3.37 separated 
by 35 cMpc (McConachie et al. 2022 ) in the COSMOS field. 
Independently, the Charting Cluster Construction with VUDS and 
ORELSE surv e y (C3VO; Shen et al. 2021 ; Lemaux et al. 2022 ) 
followed up another nearby candidate o v erdensity and confirmed 
an additional 22 galaxies at 3.26 < z spec < 3.38 only 24 cMpc 
from the MAGAZ3NE structure (Fig. 1 ). The close spatial proximity 
of so many spectroscopically confirmed galaxies is suggestive of a 
much larger system similar to the Hyperion proto-supercluster and 
moti v ated a further analysis of available data in the COSMOS field 
to search for evidence of such structure. 

We present here the results of this search, which includes six 
e xtended o v erdense structures at z ∼ 3.3 in the COSMOS field 
and describe their spatial extent through a combination of deep 
spectroscopic and photometric analysis. The entire system is iden- 
tified as PCl J0959 + 0235, and we refer to it with the nickname 
Elent ́ari, due to the large number of new stars formed in such 
protoclusters. The observational data used for this study are described 
in Section 2 , the process of structure identification in Section 3 , and 
potential evolution of these systems in Section 4 before concluding. 
A companion paper, Forrest et. al. (in preparation), will provide a 
more in-depth discussion of methods used. Throughout this work we 
assume a Chabrier ( 2003 ) IMF, AB magnitude system (Oke & Gunn 
1983 ), and a cosmology with H 0 = 70 km s −1 Mpc −1 , �M 

= 0.3, 
and �� 

= 0 . 7. 

2  DATA  

The COSMOS field (Koekemoer et al. 2007 ; Scoville et al. 2007 ) has 
a long history of e xtensiv e observations, enabling the construction of 
deep, multiband photometric catalogues, including those from Capak 
et al. ( 2007 ), Ilbert et al. ( 2009 ), Muzzin et al. ( 2013 , UltraVISTA 

DR1), Laigle et al. ( 2016 , COSMOS2015), Nayyeri et al. ( 2017 ), and 
Weaver et al. ( 2022 , COSMOS2020). These photometric catalogues 
and their associated derived properties, including well-characterized 
photometric redshifts ( z phot ), rest-frame colours, stellar masses, and 
star formation rates have been the basis for numerous spectroscopic 
campaigns. 

2.1 Spectroscopy 

In this work, we make use of spectral data from several spectroscopic 
surv e ys targeting the COSMOS field including the zCOSMOS surv e y 
(Lilly et al. 2007 ), the VIMOS ultradeep surv e y (VUDS; Le F ̀evre 
et al. 2015 ), the DEIMOS 10k spectroscopic surv e y (Hasinger et al. 
2018 ), the MAGAZ3NE (Forrest et al. 2020 ), and the C3VO (Lemaux 
et al. 2022 ). Together, these surv e ys hav e targeted o v er 40 000 
individual galaxies in the COSMOS field using the VLT/VIMOS 

(Le F ̀evre et al. 2003 ), Keck/DEIMOS (Faber et al. 2003 ), and 
Keck/MOSFIRE (McLean et al. 2010 , 2012 ) instruments. 

For information on the data reduction process for zCOSMOS 

(Lilly et al. 2007 ), VUDS (Le F ̀evre et al. 2015 ), and DEIMOS 

10k (Hasinger et al. 2018 ) data, we refer the reader to the associated 
papers. We use data from both zCOSMOS-Bright and zCOSMOS- 
Deep, including an updated zCOSMOS-Deep catalogue (Kashino, 
pri v ate communication). MAGAZ3NE MOSFIRE spectra were (re- 
)reduced using the MOSDEF 2D data reduction pipeline (Kriek et al. 
2015 ), and MOSFIRE data from the C3VO surv e y were reduced 
similarly. A custom Python code was used to perform optimal 
spectral extraction of the targets (Horne 1986 ). When one or more 
emission lines were present, the shape of the optimal aperture was 
calculated around the strongest emission line. When no trace was 
identified, a boxcar extraction was used at the intended location on 
the mask. 

Broadly speaking, zCOSMOS, VUDS, and DEIMOS10k observed 
galaxies across the field based on cuts in optical magnitude, colour, 
and photometric redshift. These surv e ys use spectrographs, which 
target the rest-frame ultraviolet at the redshifts considered here 
resulting in a higher likelihood of confirming star-forming galax- 
ies than quiescent galaxies. Additionally, given the survey and 
instrument designs, regions with large projected overdensities of 
galaxies can have lower spectroscopic sampling rates than the field. 
In contrast, the C3VO and MAGAZ3NE surv e ys chose specific 
regions to target based on candidate o v erdensities and ultramassive 
galaxies, respectively. While still more likely to confirm emission 
line galaxies, these surv e ys hav e more comple x selection functions 
and increase the sampling rate in o v erdense re gions. The resulting 
uneven sampling bias, which must be considered when analysing 
results, and the effects are discussed briefly in Section 3.2 . A more 
detailed investigation of this issue will be provided in a follow-up 
paper. 

2.2 Catalogue matching 

While target selection for the various spectroscopic surv e ys used 
in this work came from different catalogues, we compare the 
spectroscopic redshifts, sky coordinates, and i - and K -band mag- 
nitudes from the spectroscopic surv e y selection catalogue to the 
photometric redshifts ( LePhare ; Arnouts et al. 1999 ; Ilbert et al. 
2006 ), coordinates and magnitudes in the same bandpasses from the 
COSMOS2020 Classic photometric catalogue (Weaver et al. 2022 ) 
to find the best-match photometric galaxy to each spectroscopically 
confirmed galaxy. 

In total, we return o v er 40 000 objects, which were spectro- 
scopically targeted by at least one surv e y and were given quality 
flags consistent with the flagging system from VUDS (Le F ̀evre 
et al. 2015 ). Nearly 20 000 of these have high quality spectro- 
scopic reliability flags = 3 or 4, which indicate a > 95 per cent 
or 100 per cent confidence in the spectroscopic redshift, respectively. 
For galaxies in this work, such flags indicate the high signal-to-noise 
detection of multiple emission lines. This includes ∼900 objects with 
spectroscopic redshifts which do not have a COSMOS2020 object 
satisfying our matching criteria. 

3  I DENTI FI CATI ON  O F  S T RU C T U R E  

3.1 Voronoi Monte Carlo mapping 

We use Voronoi tessellation Monte Carlo (VMC) mapping to quantify 
the environmental density of the entire COSMOS field at 3.0 < z < 

3.7. This process constructs Voronoi cells in projection o v er narrow 

redshift windows including spectroscopic redshifts and random 

draws from photometric redshift probability distributions, which are 
then av eraged o v er man y iterations and re-sampled onto a fine grid 
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Figure 1. Spectroscopically confirmed galaxies at 3.20 < z spec < 3.45 in the COSMOS field. Left-hand panel: zoom-in of the portion of the field targeted 
independently by MAGAZ3NE and C3VO. Dark red stars and blue triangles are MOSFIRE spectroscopic redshifts published in McConachie et al. ( 2022 ), 
while salmon squares are MOSFIRE spectroscopic redshifts followed up in C3VO. These shapes are sized by the logarithm of stellar mass. Black dots are other 
spectroscopically confirmed galaxies from zCOSMOS, DEIMOS10k, and VUDS at 3.20 < z < 3.45. Centre: stacked histogram of spectroscopically confirmed 
galaxies in the range 3.20 < z spec < 3.45 o v er the entire COSMOS field from the listed surv e ys. Right-hand panel: stacked histrogram of spectroscopically 
confirmed members in each of the six structures discussed in this work. 

of 3D cells to estimate density. This methodology has been used and 
tested e xtensiv ely in previous works (Lemaux et al. 2017 ; Tomczak 
et al. 2017 ; Cucciati et al. 2018 ; Lemaux et al. 2018 ; Hung et al. 
2020 ; Shen et al. 2021 ) to which we refer the interested reader for 
further details, and the method used here is identical to that presented 
in Lemaux et al. ( 2022 ). 

From this density mapping, which takes into consideration both 
photometric and spectroscopic redshift information for catalogue 
objects, we calculate the o v erdensity, δgal in each cell. In order to 
account for both density changes as a function of redshift and the 
potential of biases from large projected under- or o v erdensities, we 
then calculate the mean and standard deviation of a Gaussian fit to the 
projected density in redshift slices 7.5 pMpc in depth from 3.0 < z < 

3.7 o v er the entire field and fit a 5th-order polynomial to these data 
as a function of redshift. These fit values to the density distribution 
are then used to calculate the significance of the o v erdensity in 
each voxel, σ δ , which we use to identify e xtended o v erdense 
regions. 

3.2 Peak identification and characterization 

As in Cucciati et al. ( 2018 ) and Shen et al. ( 2021 ), we begin 
by considering all voxels with an overdensity significance of σ δ

> 5 in order to identify the peaks of o v erdense re gions. Such a 
peak is identified by finding the voxel with the highest significance 
o v erdensity and searching for all contiguous voxels with σ δ > 5. All 
voxels in this peak are remo v ed from the sample and the process 
is repeated until no remaining voxels have σ δ > 5. Each identified 
peak then has a total mass M tot = ρm V (1 + δm 

), where ρm is the 
comoving matter density, V is the volume of the σ δ > 5 envelope, 
i.e. the sum of the volume of each voxel in the peak, and δm 

is the 
mass o v erdensity in the peak. The mass o v erdensity is a scaling of 
the average galaxy overdensity in the peak, δgal , by a bias factor. In 
this work, we adopt a bias factor b = 3.1, as found in Durkalec 
et al. ( 2015 ) at z ∼ 3.3 in the VUDS sample. The barycentric 
position, X peak = � i ( δgal , X i X i ) /� i ( δgal , X i ) for X = { R.A., Dec., z} , 
and ef fecti ve radius, R X = 

√ 

� i ( δgal , X i ( X i − X peak ) 2 ) /� i δgal , X i , of 
each peak are also calculated as in Cucciati et al. ( 2018 ); Shen et al. 

( 2021 ). This method identifies 10 peaks with 3.20 < z peak < 3.45 and 
total masses log( M tot /M �) > 12 in our maps, all of which we consider 
in this work. 

Due to photometric redshift uncertainties and peculiar velocities, 
the measured ef fecti ve radius in the redshift dimension is typically 
elongated with respect to the transverse dimensions. To account 
for this effect we make the simplistic assumption that the size of 
the peak in the redshift dimension should be similar to that in the 
two projected dimensions (see, e.g. Cucciati et al. 2018 ), and thus 
calculate a correction factor ( E z/ xy ) to correct the volume of the peak 
for the observed elongation, V corr = V / E z/ xy . Similarly, we compute a 
corrected average galaxy overdensity, 〈 δgal 〉 corr = M tot /( V corr ρm ) − 1. 
These values for each of the ten peaks with 3.20 < z peak < 3.45 and 
log( M tot /M �) > 12 are given in Table 1 . 

As a cursory test of the effects of targeted follow-up spectroscopy 
on the identification and characterization of these systems, we 
perform the same search and calculations on a VMC map, which 
does not include the C3V O and MA GAZ3NE observations. This 
search identifies peaks consistent with six of the 10 detected in our 
fiducial maps (P2, P3, P4, P5, P8, and P10) with mass differences 
from the original characterization ranging from 0.1 dex more massive 
to 1.0 dex less massive, with a median difference of 0.35 dex less 
massive. Based on simulation comparisons (Hung et al. 2020 , Hung 
et al., in preparation) and considering the addition of new data, these 
differences are consistent with the statistical and systematic errors 
of mass determination for systems at these epochs of ∼0.5 dex. The 
peak with the most discrepant masses in the two reconstructuions 
(P10) lies just on the boundary of the VUDS field of view, while 
three of the four unmatched peaks (P1, P6, and P9) lie outside of 
the VUDS field of view (Fig. 2 ), and are thus not expected to be 
identified due to the significant fraction of confirmed galaxies at 
this epoch, which come from this surv e y (centre panel of Fig. 1 ). 
The final unmatched peak (P7) appears as an extended region of 
∼2 σ o v erdensity, and thus does not meet the 5 σ peak criterion. We 
conclude that the exclusion of targeted spectroscopic observations 
would not change the fact that we have identified a large number of 
o v erdense peaks in a relatively small volume, and would only have 
a modest effect on the derived richness of the structures. 
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Table 1. The properties of > 5 σ o v erdense peaks identified between 3.20 < z < 3.45 with log( M tot /M �) > 12 ordered by total mass. Listed properties 
include the barycentric centre of each peak (2–4), the av erage o v erdensity (5), ef fecti ve radius in each dimension (6–8), observed elongation along the line 
of sight (9), observed volume (10), total mass (11), the volume and average overdensity corrected for observed elongation (12 and 13), and the structure in 
which each peak lies (14). See Section 3.2 , Cucciati et al. ( 2018 ) and Shen et al. ( 2021 ) for more details. 

ID R.A. peak Dec. peak z peak 〈 δgal 〉 R x R y R z E z/ xy V M tot V corr 〈 δgal 〉 corr Structure 
(deg) (deg) (cMpc) (cMpc) (cMpc) (cMpc 3 ) (10 14 M �) (cMpc 3 ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

P1 149.8060 2.4510 3.366 3.67 1.47 1.24 8.37 6.18 851.7 0.76 137.8 12.49 S1 
P2 149.8774 2.2850 3.341 2.87 1.28 1.94 9.07 5.64 708.9 0.56 125.8 9.85 S1 
P3 149.9369 2.2749 3.269 2.76 0.75 1.03 8.12 9.08 304.7 0.23 33.5 16.17 S1 
P4 150.4021 2.3356 3.255 2.54 0.75 0.77 5.61 7.35 163.5 0.12 22.2 12.37 S2 
P5 150.2153 2.4941 3.343 2.25 0.89 1.29 3.62 3.31 151.8 0.11 45.8 4.72 S3 
P6 149.8287 2.4306 3.315 2.34 0.64 0.61 3.54 5.66 62.9 0.05 11.1 8.92 S1 
P7 150.1099 2.5634 3.354 2.16 0.38 0.50 6.41 14.45 34.6 0.02 2.4 23.52 S4 
P8 149.8869 2.3242 3.248 2.16 0.73 0.72 1.11 1.54 25.7 0.02 16.7 1.62 S1 
P9 149.7315 2.5829 3.408 2.16 0.38 0.41 5.41 13.63 22.8 0.02 1.7 22.14 S5 
P10 150.4236 2.5071 3.409 2.17 0.54 0.49 1.52 2.94 18.1 0.01 6.1 4.00 S6 

Figure 2. Projected o v erdensity map of Elent ́ari. The 10 o v erdense peaks (P#; σ δ > 5) with 3.20 < z peak < 3.45 and total mass log ( M/ M �) > 12 are shown 
as white ellipses (with axes R x , R y as in Table 1 ) and the six overdense structures (S#; σ δ > 2) in which they reside are coloured shapes, with darker shades 
indicating more o v erdense re gions. The black dashed and dotted lines show the footprints of VUDS and COSMOS-Web (Casey et al. 2022 ), respectively. The 
dark red stars and salmon squares from Fig. 1 lie in S1, while the blue triangles lie in S4. Notably, S1 (red) contains five of the 10 o v erdense peaks, while S6 
appears quite extended possibly due in part to the reduced spectroscopic coverage outside of the VUDS footprint and reaches the bounds of the VMC map. 

3.3 Characterization of the larger structure(s) 

As seen in previous studies of other high-redshift proto-clusters, e.g. 
the Hyperion proto-supercluster in COSMOS at z ∼ 2.45 (Cucciati 
et al. 2018 ) and the z ∼ 3.3 structure in the XMM-LSS field (Shen 
et al. 2021 ), multiple peaks may be embedded in a single more 
extended plateau of lower significance, which is still statistically 
abo v e the field. Indeed, we see several peaks in close proximity to 

each other that may be connected by lower density bridges. Similar 
to the aforementioned studies, we perform a search for o v erdensities 
but instead use an o v erdensity significance contour of σ δ > 2 and 
the centre of each previously determined peak as a seed. 

This results in six extended overdense structures, one of which 
contains five overdense peaks encapsulated within a σ δ = 2 contour, 
and each of the remaining five structures containing a single peak. 
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Table 2. The properties of > 2 σ extended overdense structures containing the peaks listed in Table 1 . In addition to properties 
similar to Table 1 , the number of spectroscopically confirmed members (5), the spectroscopic redshift fraction (the fraction of 
photometric galaxies within the projected outline of the structure with 3.20 < z phot < 3.45, which have a high quality spectroscopic 
redshift; (6), and the peaks lying within the structure (10) are listed. 

ID R.A. str Dec. str z str n spec SzF 〈 δgal 〉 V M tot Peaks 
(deg) (deg) (cMpc 3 ) (10 14 M �) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

S1 149.8718 2.3519 3.324 80 0.295 1.09 24538 13.54 P1, P2, P3, P6, P8 
S2 150.4053 2.3386 3.260 7 0.079 0.96 2546 1.36 P4 
S3 150.2166 2.4735 3.341 18 0.122 0.94 5297 2.82 P5 
S4 150.1122 2.5503 3.354 9 0.421 1.08 1715 0.94 P7 
S5 149.7422 2.5856 3.410 5 0.227 0.98 2098 1.13 P9 
S6 150.4499 2.5611 3.334 20 0.020 0.77 177950 1 90.45 1 P10 

Note. 1 Due to the unconstrained projected extent and low SzF of S6, the derived volume and mass are highly uncertain. 

Table 3. The evolution of the 10 o v erdense peaks (1) assuming 
linear spherical collapse. Included are the peak redshift (2), bias- 
corrected matter o v erdensity (3), the modelled redshifts of turn- 
around, when the structure reaches its greatest physical extent ( z ta , 
4) and collapse, and z c , (5), and the time between these redshifts 
and z peak (6 and 7). 

ID z peak 〈 δm 

〉 z ta z c 	 t ta 	 t c 
(Gyr) (Gyr) 

(1) (2) (3) (4) (5) (6) (7) 

P1 3.366 4.03 3.07 1.56 0.21 2.21 
P2 3.340 3.18 2.77 1.37 0.43 2.66 
P3 3.269 5.22 3.25 1.68 0.01 1.88 
P4 3.255 3.99 2.95 1.49 0.22 2.29 
P5 3.343 1.52 1.82 0.78 1.66 4.87 
P6 3.315 2.88 2.62 1.28 0.56 2.90 
P7 3.354 7.59 >z obs 1.95 – 1.44 
P8 3.248 0.52 0.47 Future 6.71 –
P9 3.408 7.14 >z obs 1.95 – 1.48 
P10 3.409 1.29 1.64 0.67 2.06 5.51 

We calculate similar values as abo v e for each of these extended 
structures, listed in Table 2 , and show the location of both the 
structures and peaks in Fig. 2 . Ho we ver, we do not perform the same 
correction for elongation as these structures appear more extended 
and non-spherical in shape in the VMC maps. 

4  E VO L U T I O N  O F  T H E  OV ERDENSE  P E A K S  

As in Cucciati et al. ( 2018 ) and Shen et al. ( 2021 ), we characterize 
the collapse of the o v erdense peaks assuming spherical linear 
collapse, which has been shown to give a rough approximation of 
the dynamical evolution of similar systems (e.g. Despali, Tormen & 

Sheth 2013 ). Elongation-corrected o v erdensities are conv erted to 
mass o v erdensities via a bias factor of 3.1 (Durkalec et al. 2015 ) and 
are subsequently transformed to a linear density, δL , as in Bernardeau 
( 1994 ) and Steidel et al. ( 1998 ). The results of these calculations are 
shown in Fig. 3 . 

When a region exceeds a critical o v erdensity, the system will 
eventually separate from the Hubble flow as self-gravitation slows 
its expansion to a halt and it attains some maximal physical size at 
‘turn-around’ ( δL , ta ∼ 1.06), after which the gravitationally bound 
structure begins to collapse. Within this framework, the structure is 
then virialized once the radius of the structure has contracted to half 
of its value at turn-around ( δL , v ∼ 1.58) and, in principle, eventually 

Figure 3. Predicted dynamical evolution of the 10 o v erdense peaks of 
Elent ́ari as a function of redshift assuming linear spherical collapse. Each 
peak is identified by number in the plot and coloured similarly to its parent 
structure in Fig. 2 . The multiple peaks embedded in S1 (shades of red) are 
dashed/dotted lines. In isolation, the majority of the peaks will virialize by z 
∼ 1.5, though interactions with other nearby peaks make this a rough estimate 
for the peaks in S1. 

reaches a final collapsed state ( δL , c ∼ 1.69). The corresponding 
redshifts of these events for each peak are listed in Table 3 . 

We model the evolution of each peak by treating each individually, 
and find that two peaks are predicted to enter their collapse phase 
by z ∼ 2, while five others will do so by z ∼ 1.3. This makes the 
o v erarching system an ideal ground for studying the diversity of 
coe v al o v erdense peaks in dif ferent stages of e volution, as well as 
analysing the properties of their constituent galaxies. 

The abo v e calculation assumes independent evolution of the peaks, 
an assumption that is more reasonable for some peaks than others. In 
particular, Peaks 1 and 6 are separated in projected space by < 1 pMpc 
and have a velocity difference of 	v ∼ 3500 km s −1 , indicating they 
are extremely likely to interact in the ∼1.4 Gyr before Peak 1 is 
modelled to virialize. Similarly, Peaks 2, 3, and 8 are separated 
in projected space by < 2 pMpc and 	v ∼ 6000 km s −1 , which 
could also result in interactions between these peaks. The remaining 
peaks are at projected distances d > 3 pMpc from each other which 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/526/1/L56/7251475 by guest on 03 June 2024



Elent ́ari: A z ∼ 3.3 proto-supercluster in COSMOS L61 

MNRASL 526, L56–L62 (2023) 

would require z ∼ 0 halo masses M h � 2 × 10 15 M � to merge 
together by the present day (Chiang et al. 2013 ; Muldrew, Hatch & 

Cooke 2015 ). While this total mass may well be contained within 
the extended structures presented herein, it likely is not within the 
individual peaks, suggesting their evolution is unlikely to be affected 
by other peaks before the modelled epoch of collapse at z ∼ 1 −2.5, 
the abo v e e xceptions notwithstanding. 

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

We have presented 10 > 5 σ overdense peaks at 3.20 < z < 3.45 
in the COSMOS field. This remarkable number of o v erdense peaks 
at a similar epoch in a relatively small field of view supports the 
hypothesis that these structures are all parts of some larger proto- 
structure. Proto-clusters at these epochs are predicted by simulations 
to have large radii (e.g. R e (log ( M /M �) ∼ 15)/cMpc ∼10; Chiang 
et al. 2013 ) and the two most separated peaks herein (P1 and P10) 
have a projected co-moving separation of ∼70 cMpc, which suggests 
the presence of a larger structure. The Hyperion proto-supercluster at 
z ∼ 2.45 spans a volume of 60 × 60 × 150 cMpc 3 , which is similar 
in size to Elent ́ari and indicates the two structures may be similar in 
nature. 

The structure with the most confirmed members (S1) in this 
work has a total mass of M tot = 1.35 × 10 15 M � and has 80 
spectroscopically confirmed members with redshifts in the range 
3.25 < z < 3.38. It also contains five overdense peaks (P1, P2, P3, 
P6, and P8), three of which have masses M tot > 2 × 10 13 M � and 
av erage o v erdensities 〈 δgal, corr 〉 � 10. Fiv e other structures contain 
a single peak (S2-P4, S3-P5, S4-P7, S5-P9, and S6-P10) and have 
peak redshifts in the range 3.25 < z < 3.43. Four of these have total 
masses of M tot ∼ 1 × 10 14 M �, while the extent and mass of S6 are 
poorly constrained due to the structure’s location on the edge of the 
region with significant spectroscopic coverage. 

From the VMC maps alone, the final structure (S6-P10) has 
a much larger projected extent and redshift depth with a lower 
average peak overdensity 〈 δgal, corr 〉 ∼ 4. Much of the structure 
also falls outside the field co v ered by the VUDS surv e y (and has 
not been targeted by C3VO or MAGAZ3NE), resulting in fewer 
spectroscopically confirmed galaxies (spectroscopically confirmed 
fraction < 2 per cent ) and therefore a smoothing out of the structure 
in the redshift dimension. As a result, the uncertainties on the true 
extent of this structure and its mass are significant and it is of 
particular interest for spectroscopic follow-up to confirm the extent 
of the o v erdensity. 

The 10 peaks spanning almost two orders of magnitude in mass at 
the same redshift within a larger system make Elent ́ari an excellent 
target for probing the effects of environment on galaxy evolution at 
these early times, as will be done in upcoming work. 
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