
    
      Fig. 1. 
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        Spiderweb protocluster field at z ≈ 2.16. Blue circles display the full sample of candidate HAEs from Koyama et al. (2013) and Shimakawa et al. (2018b). Red circles show those HAEs with measured spectroscopic redshift (Shimakawa et al. 2018b; Pérez-Martínez et al. 2023). Orange crosses and contours respectively show the CO(1−0) emitters reported by Jin et al. (2021) and the limits of the COALAS ATCA footprint. Empty squares depict the subsample of SMGs reported by Dannerbauer et al. (2014) in this field. Black stars show the LAEs from Pentericci et al. (2000), while X-ray sources from Tozzi et al. (2022a) are shown by black crosses. The Spiderweb galaxy is marked with a yellow star. We display a bar with 1 Mpc physical scale at z = 2.16 in the lower-left corner of the diagram for reference.

      

    

  
    
      Fig. 2. 
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        Redshift distribution of sources. The complete sample of spectroscopic HAEs (Shimakawa et al. 2018b, 2024b; Pérez-Martínez et al. 2023) is shown in red. The sample of ATCA CO(1−0) emitters (Jin et al. 2021) is shown in yellow. The sample of HAEs within the ATCA footprint (see Fig. 1) that is used in this work is depicted by the blue contour histogram. The black solid line shows the shape and redshift coverage of the Subaru/MOIRCS narrow-band filter used to select the HAEs.

      

    

  
    
      Fig. 3. 
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        Two examples of our upper limit determination method. The upper panels display the HAE ID 790 for which Jin et al. (2021) reported CO(1−0) at S/N > 4, while the lower panel displays an undetected CO(1−0) source (HAE ID 1181) for which we compute upper limits. The first column displays the moment zero of the ATCA datacube after collapsing it at the redshift of our source ±500 km/s. The black cross shows the exact position of the HAE under scrutiny. The red empty square shows the position of the spaxel containing the peak flux after inspecting a 3 × 3 grid around the HAEs spaxel. The beam size is shown in the lower left corner. The second column depicts the spectra extracted from the peak flux spaxel. The vertical red dashed line shows the systemic velocity (i.e., redshift) of the galaxy from Hα while the solid red lines display the limits (±500 km/s) for flux integration (blue area). Velocities are relative to z = 2.1612 as in Jin et al. (2021).

      

    

  
    
      Table 1. 

      Summary of CIGALE SED fitting modules and parameter configuration.

      
        


	CIGALE module
	Parameter values





	Stellar pop.
	Bruzual & Charlot (2003)



	IMF
	Chabrier (2003)



	Metallicity
	0.004



	




	SFH
	Exp. delayed



	τmain (Myr)
	100,  500,  1000,  2000,  4000,  6000,  8000



	agemain (Myr)
	500, 1000, 1500, 2000, 2500, 3000



	fburst
	0.01, 0.05, 0.10



	τburst (Myr)
	20, 50, 70, 100, 300



	




	Neb. emission
	



	log U
	−2.4, −2.5, −2.6, −2.7, −2.8



	fesc
	0.0



	




	Dust extinction
	Calzetti et al. (2000)



	E(B − V)lines
	0 to 2



	E(B − V)factor
	0.44



	Rv
	4.05





      

    

  
    
      Fig. 5. 
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        Star-forming main sequence diagram. The black solid line and shaded grey region depict the Main Sequence of star formation at z = 2.16 from Speagle et al. (2014). Red small circles the spectroscopically confirmed HAEs of Shimakawa et al. (2018b) and Pérez-Martínez et al. (2023) within the ATCA datacube footprint. Blue circles show the location of the CO(1−0) emitters at S/N > 4 from Jin et al. (2021) which are part of our sample of HAEs. For context, we also add empty squares to show the overlap with the sample of SMGs in this field from Dannerbauer et al. (2014) and with the X-ray emitters reported by Tozzi et al. (2022a).

      

    

  
    
      Fig. 6. 
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        Left: Total gas fraction versus stellar mass diagram. The solid green line and shaded region represent the field scaling relations for Main Sequence (MS) galaxies from Tacconi et al. (2018). We overplot our sample in blue color (both for measurements and upper limits) and compare it with other protocluster samples at the cosmic noon such as Wang et al. (2018) in orange, and coeval field samples (Kaasinen et al. 2019 in pink; Riechers et al. 2020 in grey; Frias Castillo et al. 2023 in green). In addition, we marked those galaxies with signs of AGN activity with red crosses (X-ray emission, Tozzi et al. 2022a) and red triangles (high [NII]/Hα, Pérez-Martínez et al. 2023) and those identified as SMGs by Dannerbauer et al. (2014) as black empty squares. The solid red line and red area depict the fit and uncertainty of the PKS1138 and CLJ1001 protocluster samples using a logistic function, as proposed by Popping et al. (2012). The grey shaded area displays the 1σ detection limit given by the median rms of the entire ATCA mosaic. Right: Total gas fraction versus stellar mass diagram after stacking. Our sample is divided into three bins: Low-mass galaxies (log M*/M⊙ < 10.5); massive galaxies (log M*/M⊙ > 10.5) excluding AGN candidates; and massive AGN candidates. In addition, median values and standard deviations for the comparison samples are displayed using the same symbol and color scheme as in the left-hand panel. The empty symbols depict the median values of the Kaasinen et al. (2019) and Frias Castillo et al. (2023) field samples after applying αCO ≈ 1, typical of high-z starbursts and SMGs (see Sects. 4.1 and 4.2). We apply a 0.02 dex cosmetic shift in M* to these two data points to improve the visibility of their error bars.

      

    

  
    
      Fig. 7. 
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        Stacked spectra around the CO(1−0) emission line for the three bins defined in Sect. 4.2: Low-mass galaxies (log M*/M⊙ < 10.5), massive galaxies (log M*/M⊙ > 10.5) excluding AGN candidates, and massive AGN candidates. We achieve S/N ≈ 8, 10 and 13 for our stacked measurements respectively.

      

    

  
    
      Table 2. 

      Median physical properties of the samples used in Sect. 4.

      
        


	ID
	N
	log M*/M⊙
	SFR
	log Mmol/M⊙
	Fgas
	η
	logΣ2
	logΣ5
	logΣ10





	Low-M*
	23
	10.08 ± 0.31
	35 ± 31
	10.85 ± 0.05 (a)
	0.86 ± 0.09
	1.2 ± 1.1
	1.9 ± 0.9
	1.6 ± 0.5
	1.5 ± 0.3



	High-M*, No AGN
	8
	10.87 ± 0.21
	145 ± 53
	10.96 ± 0.04 (a)
	0.55 ± 0.12
	2.0 ± 1.7
	2.1 ± 0.5
	1.6 ± 0.4
	1.4 ± 0.2



	High-M*, AGN only
	12
	11.00 ± 0.43
	99 ± 129
	10.78 ± 0.03 (a)
	0.38 ± 0.23
	1.3 ± 1.5
	2.7 ± 0.6
	2.0 ± 0.5
	1.6 ± 0.4



	




	W18
	14
	10.87 ± 0.24
	122 ± 187
	10.97 ± 0.48
	0.47 ± 0.26
	–
	–
	–
	–



	K19
	10
	11.28 ± 0.26
	732 ± 330
	11.31 ± 0.20
	0.60 ± 0.17
	–
	–
	–
	–



	K19 (α = 1)
	–
	–
	–
	10.67 ± 0.20
	0.25 ± 0.13
	–
	–
	–
	–



	R20
	6
	10.76 ± 0.25
	132 ± 110
	10.85 ± 0.24
	0.50 ± 0.18
	–
	–
	–
	–



	FC23
	14
	11.42 ± 0.38
	745 ± 378
	11.68 ± 0.18
	0.69 ± 0.21
	–
	–
	–
	–



	FC23 (α = 1)
	–
	–
	–
	11.04 ± 0.18
	0.34 ± 0.20
	–
	–
	–
	–





      

      
Notes. The columns of the table show the ID of each sample, the number of sources, their median stellar mass, star-formation rates, molecular gas mass, gas fraction, and global and local environmental parameters. Errors for each quantity are calculated using their standard deviations. The first three rows display the three stellar mass bins of our protocluster sample: HAEs with M∗ < 1010.5 M⊙; HAEs with M* > 1010.5 M⊙; and AGN candidates with M* > 1010.5 M⊙. The rows below the solid line display the protocluster comparison sample of Wang et al. (2018) (W18), and the field samples of Kaasinen et al. (2019) (K19), Riechers et al. (2020) (R20), and Frias Castillo et al. (2023) (FC23).

(a) The molecular gas mass and its uncertainty were derived by stacking the CO(1−0) emission from the sources in these samples, rather than calculating the median and standard deviation of the distribution.




    

  
    
      Fig. 8. 
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        Molecular gas mass versus star formation rate diagrams. Left: Individual sources from the samples displayed in Fig. 6. Right: Stacked (PKS1138) and median results of each sample displayed in the left-hand panel. Colors and symbols are the same as in Fig. 6. Dashed grey lines display depletion times between 0.1 and 10 Gyr.

      

    

  
    
      Fig. 10. 
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        Left: Star formation rate offsets from the Main Sequence of Tacconi et al. (2018) as a function of the environmental parameter η. Right: Star formation efficiency offsets with respect to the scaling relation of Tacconi et al. (2018) as a function of η. The symbols and colors remain the same as in Fig. 9.

      

    

  
    
      Fig. 11. 
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        Gas fraction as a function of local density defined by the area enclosing two, five, and ten neighboring galaxies (Σ2, Σ5, Σ10. The symbols and colors remain the same as in Fig. 9.

      

    

  
    
      Fig. 12. 
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        Accretion regime diagram. Colored stars display the dark matter halo mass of the Spiderweb protocluster derived using the SZ effect and dynamical estimates by Di Mascolo et al. (2023) and Shimakawa et al. (2014) respectively. Grey squares depict the position of our sample of HAES after applying the stellar-to-halo mass relation in Behroozi et al. (2019) for satellite galaxies (see Sect. 5.1). For comparison, we use green big circles to show a sample of protoclusters from Overzier (2016) while the small red circles represent a sample of SZ-detected z < 1.5 clusters from Bleem et al. (2015).

      

    

  
    
      Table A.2. 

      List of protocluster (PCL), protocluster core (PCL-core), cluster (CL), and field samples with CO(1-0) emitters from the literature at z > 1.5.

      
        


	Name
	Type
	Redshift
	N
	
[image: equation]a
	Area
	Facility
	Reference



	
	
	
	
	(1010 K km s−1 pc2)
	(arcmin2)
	
	





	PKS 1138-262
	PCL
	2.16
	46
	3.5 ± 2.2
	25.8
	ATCA
	Jin et al. (2021)



	CLJ 1001+0220b
	PCL
	2.51
	14
	2.2 ± 4.2
	5.1a
	VLA
	Wang et al. (2018)



	CLJ 1001+0220
	PCL
	2.51
	8
	1.7 ± 1.4
	2.6
	VLA
	Champagne et al. (2021)



	USS 1558-003
	PCL
	2.53
	3
	1.5 ± 1.0
	1.5
	VLA
	Tadaki et al. (2014)



	HXMM20
	PCL-core
	2.60
	5
	5.0 ± 2.6
	1.6
	VLA
	Gómez-Guijarro et al. (2019)



	XMM-LSS J02182-05102
	CL
	1.62
	2
	1.7 ± 1.3
	0.8
	VLA
	Rudnick et al. (2017)



	




	COSMOS
	Field
	1.6 < z < 3.0
	10
	4.8 ± 2.2
	-
	VLA
	Kaasinen et al. (2019)



	HUDF
	Field
	2.0 < z < 2.7
	6
	1.7 ± 1.0
	2.4
	VLA
	Riechers et al. (2020)



	COSMOS, GOODS-N
	Field
	2.0 < z < 2.8
	51
	2.9 ± 3.4
	-
	VLA
	Pavesi et al. (2018)



	HDF
	Field
	2.2 < z < 2.5
	5
	7.6 ± 3.5
	4.3
	VLA
	Ivison et al. (2011)



	COSMOS, UDS, GOODS-N, EGS
	Field
	2.2 < z < 4.4
	13
	10.6 ± 3.7
	-
	VLA
	Frias Castillo et al. (2023)





      

      
Notes.

(a) Median CO(1-0) luminosity ([image: equation]) and standard deviation.


(b) Wang et al. (2018) detect sources within twice the full width at half power (FWHP) per pointing and thus, its surveyed area takes this into account. Other works cited in this table restrict their surveyed areas to a single FWHP per pointing.
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