
    
      Fig. 2. 
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        Best-fit slope and intrinsic dispersion from the regression analysis of the FX − FUV relation in narrow redshift intervals from z = 0.2 to z = 1.6. A linear fit of γ as a function of redshift in the form γ = m z + q gives m = −0.052 ± 0.018 and q = 0.673 ± 0.026 (dash-dotted blue line). Host-galaxy contamination at z < 0.7 mimics a spurious redshift evolution of γ. For a comparison, we overplot the resulting fit (magenta point) of the 13 local AGN in the redshift range 0.009 < z < 0.087, whose flux at 2500 Å is directly evaluated from their UV spectra.

      

    

  
    
      Fig. 3. 
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        Hubble diagram of Pantheon+ supernovae at z < 1.6 (magenta points) and quasars in the redshift range 0.7 < z < 1.6 (golden points; the average 1σ uncertainty on the DM measurements is also shown in the bottom right corner). The blue points are averages of the DM values in narrow redshift bins for quasars only, and are shown for an easier visual comparison. The solid line is the best fit of a flat ΛCDM model to supernovae and quasars.

      

    

  
    
      Fig. 5. 
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        Redshift evolution of the slope of the FX − FUV relation in narrow redshift bins (top panel). To perform the regression fit, X-ray and UV fluxes are normalised to 10−31 and 10−27 erg s−1 cm−2 Hz−1, respectively. The data points are plotted at the average redshift within the interval. Error bars represent the 1σ uncertainty on the mean in each bin. The solid and dashed grey lines are the mean and 1σ uncertainty range on the slope (γ). The red line marks γ = 0.6. The bottom panel shows the dispersion (δ, blue filled circles) along the best fit of the FX − FUV relation and the dispersion of the distance distribution (δDL ≃ 0.06, square symbols) in each bin. See Section 5.3 for details.

      

    

  
    
      Fig. 7. 
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        Same as Figure 5 but for the simulated quasar sample 1 (2023 sources) with two different binning criteria: the one on the left is the same as for the real data (24 intervals, δDL ≃ 0.06), while the one on the right considers a coarser binning (10 intervals, δDL ≃ 0.1). In both cases, we can retrieve the input value of γ within uncertainties, supporting the assumption that γ is constant in the analysis of real data independently from any cosmological model (here ΩM = 0.1 and ΩΛ = 0.9 were assumed).

      

    

  
    
      Table 1. 

      Marginalised one-dimensional best-fitting parameters with 1σ confidence intervals for the simulated quasar sample 1 (2023 sources).

      
        


	Model
	ΩM
	ΩΛ
	γ
	β
	γ0
	γ1
	β0
	β1





	1
	0.13 ± 0.07
	0.43 ± 0.30
	0.584 ± 0.011
	8.44 ± 0.34
	–
	–
	–
	–



	2
	0.3
	0.7
	0.562 ± 0.009
	9.08 ± 0.27
	–
	–
	–
	–



	3
	0.42 ± 0.28
	0.68 ± 0.42
	–
	–
	0.560 ± 0.032
	0.010 ± 0.011
	9.23 ± 0.98
	−0.33 ± 0.36



	4
	0.3
	0.7
	–
	–
	0.568 ± 0.026
	0.007 ± 0.009
	8.98 ± 0.80
	−0.23 ± 0.30



	5
	0.9
	0.1
	0.545 ± 0.009
	9.49 ± 0.27
	–
	–
	–
	–



	6
	0.9
	0.1
	–
	–
	0.541 ± 0.027
	0.015 ± 0.010
	9.76 ± 0.83
	−0.51 ± 0.30





      

      
Notes. The simulation assumes γ = 0.6 and β = 8.0, with a dispersion of the LX − LUV relation of δ = 0.24. The distances have been computed assuming a spatially flat ΛCDM model with ΩM = 0.1 and ΩΛ = 0.9 (see Section 6 for details). The ΛCDM model has ΩM and ΩΛ free to vary for models 1 and 3, whilst models 2 and 4 have the matter and energy parameters fixed to the values 0.3 and 0.7, respectively. Models 3 and 4 assume an evolution with redshift of both slope and intercept of the X-ray to UV relation in the form: γ(z) = γ0 + γ1(1 + z) and β(z) = β0 + β1(1 + z). In all models, Ωk is fixed to zero (spatially flat case) and Ωr = 2.47 × 10−5 h−2, with h = 0.7 km s−1 Mpc−1, Ωr = 1 − ΩM − ΩΛ, and ΩΛ < 0.99 + 1.8 ΩM. The latter condition has been enforced to exclude solutions with no Big Bang. Models 5 and 6 are the same as 2 and 4, respectively, but with matter and energy parameter values fixed to ΩM = 0.9 and ΩΛ = 0.1. Model 3 is a sanity check to test what happens when the cosmological parameters are free to vary and an evolution of the correlation parameters is allowed.



    

  
    
      Table 2. 

      Same as Table 1 for the simulated quasar sample 2 (20230 quasars; see Section 6 for details).

      
        


	Model
	ΩM
	ΩΛ
	γ
	β
	γ0
	γ1
	β0
	β1





	1
	0.10 ± 0.02
	0.93 ± 0.05
	0.596 ± 0.004
	8.12 ± 0.12
	–
	–
	–
	–



	2
	0.3
	0.7
	0.576 ± 0.003
	8.65 ± 0.09
	–
	–
	–
	–



	3
	0.10 ± 0.04
	1.07 ± 0.08
	–
	–
	0.625 ± 0.013
	−0.011 ± 0.005
	7.26 ± 0.40
	0.32 ± 0.14



	4
	0.3
	0.7
	–
	–
	0.579 ± 0.008
	0.005 ± 0.003
	8.61 ± 0.26
	−0.17 ± 0.09



	5
	0.9
	0.1
	0.559 ± 0.003
	9.07 ± 0.09
	–
	–
	–
	–



	6
	0.9
	0.1
	–
	–
	0.555 ± 0.009
	0.130 ± 0.003
	9.32 ± 0.28
	−0.43 ± 0.11





      

    

  
    
      Fig. 8. 
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        Results of the cosmological fit for both sample 1 (green) and sample 2 (black) for a spatially flat ΛCDM with ΩM and ΩΛ free to vary. The correlation parameters γ and β (as well as the dispersion δ) of the X-ray to UV relation are also free to vary (see Section 6.2 for details). Contours are at 68% and 95% confidence levels. The input values of both the cosmological and correlation parameters are marked by the red square. All the input parameters considered to build the mock quasar samples are retrieved within the uncertainties.

      

    

  
    
      Fig. 10. 
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        Same as in Figure 9 for sample 2.

      

    

  
    
      Fig. 11. 
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        Results of the cosmological fit for sample 1 in a spatially flat ΛCDM with matter and energy density parameters fixed to the values ΩM = 0.3 and ΩΛ = 0.7 (red, model 4 in Table 1), and ΩM = 0.9 and ΩΛ = 0.1 (blue, model 6 in Table 1). The slope and intercept are assumed to evolve with redshift as γ(z) = γ0 + γ1(1 + z) and β(z) = β0 + β1(1 + z). Contours are at 68% and 95% confidence levels. The input values of all the correlation parameters are marked by the black square. See Section 6.2 for details.

      

    

  
    
      Fig. 12. 
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        Same as in Figure 11 but for sample 2.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Results of the cosmological fit for the L20 quasar sample combined with Pantheon+ supernovae in a spatially flat ΛCDM with ΩM and ΩΛ free to vary. Orange contours: cosmological fit of quasars and supernovae considering fluxes, with γ and β free to vary. Violet contours: cosmological fit of quasars and supernovae considering luminosity distances, with γ and β fixed (i.e. γ = 0.61 and β = −31.16). A cross-calibration parameter K is also considered in both cases.
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