
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Survey footprint of the 4XMM-DES-VHS catalogue (red). In addition, we separately show the coverage of the 4XMM-DR11, DES-DR2, and VHS-DR5 surveys in the sky area of our interest.

      

    

  
    
      Fig. 2 
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        Upper panel: percentage of 4XMM-DR11 sources with an optical or near-IR counterpart as a function of X-ray flux in the soft (0.5–2 keV, blue) and the full band (0.2–12 keV, red). Lower panel: flux distributions in the soft band and full bands of the 4XMM-DR11 and 4XMM-DES-VHS samples.

      

    

  
    
      Fig. 3 
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        Number of sources versus number of photometric bands for the 4XMM-DES-VHS (purple) and the final high-z (hatched, Sect. 4) samples. The vertical dotted line corresponds to the cut at N ≥ 4 we used in our analysis.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Percentage of outliers versus spectroscopic redshift (upper panel) for the point-like sources. At each redshift, we calculate the percentage of outliers for all sources above this redshift. The bottom panel show the distribution of the training samples with available spectroscopic information. The performance in the DES field using TPZ (blue-dashed-dotted) and LePHARE (red-solid) is compared across different redshifts. For reference, we show the performance of LePHARE algorithm for the 4XMM-DR13 sources using different optical photometry adopted from Ruiz et al., (in prep.), such as SDSS (black-solid), PANSTARRS (gray-solid) and SKYMAPPER (gray-dashed). Finally, we present the LePHARE performance of z ≥ 5 sources of Yang & Shen (2023).

      

    

  
    
      Fig. 6 
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        Redshift distribution of the 4XMM-DES-VHS sample used in our analysis (gray filled). We highlight the spectroscopic and photometric redshift samples as indicated in the legend.

      

    

  
    
      Table 1 

      Final sample of X-ray sources inside the 4XMM-DES-VHS footprint in different redshift bins after excluding stellar objects (Sect. 3.3) and sources with unreliable photometry (Sect. 3.4).

      
        


	Redshift
	Number with
	Total



	bins
	spec-z
	number





	Full sample
	13 424(20.2%)
	64529



	z ⩾ 3.5
	92(11%)
	833



	z ⩾ 4
	30(9.3%)
	323



	z ⩾ 5
	3(5.4%)
	56



	z ⩾ 6
	0
	7





      

    

  
    
      Fig. 7 
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        log(PMcorr) − log(FX/Fr) versus the corrected Gaia proper motion in logarithmic scale, log(PMcorr), where FX/Fr is the X-ray to optical flux ratio. The dashed lines correspond to the Gaia criteria to select stars. The sources are colour-coded with the probability of a source being a star from the classification algorithm (Tranin et al. 2022), the PbaC1 class. The squares indicate sources with Δ χ2 ≥ 5, where Δ χ2 is the difference in the χ2 between the best fit of AGN/QSO versus stellar templates. The upper and lower panels correspond to the total and the high-z samples, respectively.

      

    

  
    
      Fig. 8 
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        Redshift distribution of the final high-z sample (gray filled). We highlight the spectroscopic and photometric redshift samples as indicated in the legend. The dotted orange histogram shows the initial selection of high-z sources before removing stellar objects and sources with unreliable photometry.

      

    

  
    
      Fig. 10 
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        Cumulative number counts for the high-z sample in the redshift bin z ⩾ 3.5 (upper panel). The shaded blue area represent the 1σ uncertainties in our measurements. The solid line indicates the LDDE model predictions with an exponential decline by Gilli et al. (2007), while the dotted line shows the mock catalogue of Marchesi et al. (2020) based on the XLF by Vito et al. (2014). For reference, we include the data points derived by Marchesi et al. (2016b). The lower panel presents the ratio between our data and the different models.

      

    

  
    
      Fig. 11 
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        Upper panel: normalised histograms of the high-z X-ray AGN selected through our analysis (red) and the DES sources inside the 4XMM-DES-VHS footprint (blue) as a function of the DES i-band magnitude. The vertical line indicates the mode of the DES i-band magnitude distribution for the latter at iDES = 24.3 mag. Lower panel: fraction of high-z X-ray HSC sources that have a match with the DES DR2 catalogue.

      

    

  
    
      Fig. 12 
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        Venn diagram of the X-ray sample used in our analysis and the optically selected QSO candidates for the total (upper panel) and the high-z (lower panel) samples inside the 4XMM-DES-VHS area.

      

    

  
    
      Fig. 13 
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        Galactic NH versus the observed NH for our high-z sample, estimated from the XMM2ATHENA 4XMM catalogs of X-ray spectral properties. The red, dashed line shows the one-to-one relation. Grey, solid circles are sources with an observed NH consistent with the galactic NH. The black, open circles show sources with NH robustly above the Galactic value (the lower limit of the 90% confidence interval is higher than the Galactic NH). The blue circles mark the optically selected QSO identified by Yang & Shen (2023) also included in our sample. The plot only includes sources where our estimated 90% confidence interval for the observed log NH is narrower than 3 dex (501 out of 801 sources).

      

    

  
    
      Fig. 14 
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        Estimated distribution of the rest-frame Hydrogen column density for our high-z sample. The black, solid histogram corresponds to sources with a significant observed NH (i.e. above the Galactic value) and corrected to rest-frame values. The hatched histogram shows our estimated number of unabsorbed sources. The blue histogram shows the corresponding distributions for the optically selected QSO by Yang & Shen (2023) included in our sample.

      

    

  
    
      Fig. 15 
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        Magnitude distributions of the X-ray AGN selected through our analysis (red) compared to the optically selected QSO sample (blue) for the DES optical i-band (left), the VHS near-IR H band (middle), and the WISE mid-IR W1 band (right). The shaded histograms represent the common sources between the two samples, while the dashed lines correspond to the unique AGN in each selection method.

      

    

  
    
      Fig. 16 
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        Absolute magnitude distribution at 1450 Å of the X-ray AGN selected through our analysis (red) compared to the optically selected QSO sample (blue). The shaded histograms represent the common sources between the two samples, while the dashed lines correspond to the unique AGN in each selection method.

      

    

  
    
      Table 2 

      Models and their parameter space used by CIGALE for the SED fitting of the high-z sources.

      
        


	Parameter
	Value





	Star formation history: delayed SFH with optional exponential burst)



	Age of the main stellar population in Myr
	50,100,200,500,1000,1500, 2000, 3000, 4000, 5000



	e-folding time of the main stellar population model in Myr, τmain
	50,100,200, 500, 700, 1000, 2000, 3000, 4000, 5000



	Age of the late burst in Myr, ageburst
	20



	Mass fraction of the late burst population, fburst
	0.0, 0.005, 0.01, 0.015, 0.02,



	
	0.05, 0.10, 0.15, 0.18, 0.20



	e-folding time of the late starburst population model in Myr, τburst
	50.0



	




	Stellar population synthesis model



	Single Stellar Population Library
	Bruzual & Charlot (2003)



	Initial Mass Function
	Salpeter (1955)



	Metallicity
	0.02 (Solar)



	




	Nebular emission



	Ionisation parameter (log U)
	−2.0



	Fraction of Lyman continuum escaping the galaxy (fesc)
	0.0



	Fraction of Lyman continuum absorbed by dust (fdust)
	0.0



	Line width (FWHM) in km/s
	300.0



	




	Dust attenuation: modified attenuation law Charlot & Fall (2000)



	V-band attenuation in the interstellar medium in mag, AvIS M
	0.2, 0.3, 0.4, 0.5, 0.6, 0.7,



	
	0.8, 0.9, 1, 1.5, 2, 2.5, 3, 3.5, 4



	




	Dust template: Dale et al. (2014)



	AGN fraction
	0.0



	Alpha slope, α
	2.0



	




	AGN models from Stalevski et al. (2016) (SKIRTOR)



	Average edge-on optical depth at 9.7 micron (t)
	3.0, 7.0



	Power-law exponent that sets radial gradient of dust density (pl)
	1.0



	Index that sets dust density gradient with polar angle (q)
	1.0



	Angle measured between the equatorial plane and edge of the torus in degrees (oa)
	40



	Ratio of outer to inner radius, Rout/Rin
	20



	Fraction of total dust mass inside clumps (Mcl)
	97%



	Inclination angle in degrees (i)
	30, 70



	AGN fraction
	0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.99



	Extinction in polar direction in mag, E(B-V)
	0.0, 0.2, 0.4



	Emissivity of the polar dust
	1.6



	Temperature of the polar dust (K)
	100.0



	The extinction law of polar dust
	SMC





      

      
Notes. Type-2 AGN have an inclination i = 70∘, while type-1 AGN have i = 30∘. The extinction in polar direction, E(B-V), included in the AGN module, accounts for the possible extinction in type-1 AGN, due to polar dust. The AGN fraction is measured as the AGN emission relative to IR luminosity (1–1000 μm).




    

  
    
      Fig. 17 
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        Example SED fits of an X-ray absorbed AGN (top), an X-ray unabsorbed AGN (middle), and an optically selected QSO (bottom). The dust emission is plotted in red, the AGN component in orange, the attenuated (unattenuated) stellar component is shown with the yellow (blue) solid (dashed) line, while the green lines shows the nebular emission. The total flux is represented with black colour. Below each SED, we plot the relative residual fluxes versus the wavelength.
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