
    
      Fig. 3. 
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Constraints on an approximate internal MST transform with a cored component, λc, of an NFW profile as a function of core radius. In gray are the 1-σ exclusion limits that imaging data can provide. In orange is the region where the total mass of the core within a three-dimensional radius exceeds the mass of the NFW profile in the same sphere. In blue is the region where the transformed profile results in negative convergence at the core radius. The white region is effectively allowed by the imaging data and simple plausibility considerations and where we can use the mathematical MST as an approximation (λc ≈ λint). The halo mass, concentration and the redshift configuration is displayed in the lower left box (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/MST_impact/MST_pl_cored.ipynb).



    

  
    
      Fig. 5. 
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Mock data from the TDLMC Rung3 inference with the parameters and prior specified in Table 1. Orange contours indicate the inference with a uniform prior in aani while the purple contours indicate the inference with a uniform priors in log(aani). The thin vertical line indicates the ground truth H0 value in the challenge (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/TDLMC/TDLMC_rung3_inference.ipynb).



    

  
    
      Fig. 7. 
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Hierarchical analysis of the TDCOSMO-only sample when constraining the MST with kinematic information. Parameter and priors are specified in Table 3. Orange contours correspond to the inference with uniform prior on Ωm, 𝒰([0.05, 0.5]), while the purple contours correspond to the prior based on the Pantheon sample with 𝒩(μ = 0.298, σ = 0.022) (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/TDCOSMO_sample/tdcosmo_sample.ipynb).



    

  
    
      Fig. 10. 
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Power-law slope γpl inferences obtained from HST imaging data for the 14 SLACS lenses within our selection cut from Shajib et al. (2020a,b). We derive a population distribution from these lenses to be applied on the subset of lenses without measured γpl from imaging data. The black dashed line indicates the population mean and the blue band the 1-sigma population width based on the 14 individual measurements (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/sample_selection.ipynb).



    

  
    
      Fig. 11. 
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Posterior distribution for the SLACS sample with priors according to Table 4. Orange: inference with the SDSS spectra. Purple: inference with SDSS spectra and VIMOS IFU data set. The posterior of λint, 0 was blinded during the analysis (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/SLACS_sample/SLACS_constraints.ipynb).



    

  
    
      Fig. 12. 
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Posterior distributions of the key parameters for the hierarchical inference. Blue: constraints from the TDCOSMO-only sample. Violet: constraints with the addition of IFU data of nine SLACS lenses to inform the anisotropy prior on the TDCOSMO sample, TDCOSMO+SLACSIFU. Orange: constraints with a sample of 33 additional lenses with imaging and kinematics data (HST imaging + SDSS spectra) from the SLACS sample, TDCOSMO+SLACSSDSS. Purple: joint analysis of TDCOSMO and 33 SLACS lenses with SDSS spectra of which nine have VIMOS IFU data, TDCOSMO+SLACSSDSS + IFU. Priors are according to Table 5. The 68th percentiles of the 1D marginalized posteriors are presented in Table 6. The posteriors in H0 and λint, 0 were held blinded during the analysis (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/joint_inference.ipynb).



    

  
    Table 6. 

Marginalized posteriors of our hierarchical Bayesian cosmography inference based on the priors and parameterization specified in Table 5 for a flat ΛCDM cosmology.




	Data sets
	H0 [km s−1 Mpc−1]
	λint, 0
	αλ
	σ(λint)
	aani
	σ(aani)
	σσP, sys





	TDCOSMO-only
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	–



	TDCOSMO+SLACSIFU
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	–



	TDCOSMO+SLACSSDSS
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	TDCOSMO+SLACSSDSS + IFU
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]







  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
Illustration of the goodness of the fit of the maximum likelihood model of the joint analysis in describing the TDCOSMO data set. Blue points are the measurements with the diagonal elements of the measurement covariance matrix. Orange points are the model predictions with the diagonal elements of the model covariance uncertainties. Left: comparison of measured time-delay distance from imaging data and time delays compared with the predicted value from the cosmological model, the internal and external MST (and their distributions). Right: comparison of the velocity dispersion measurements and the predicted values. In addition to the MST terms, the uncertainty in the model also includes the uncertainty in the anisotropy distribution aani. For lenses with multiple velocity dispersion measurements, the diagonal terms in the error covariance are illustrated (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/joint_inference.ipynb). (a) Fit to the time-delay distance. (b) Fit of velocity dispersion.



    

  
    
      Fig. 14. 
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Illustration of the goodness of the fit of the maximum likelihood model of the joint analysis in describing the SDSS velocity dispersion measurements of the 34 SLACS lenses in our sample. Blue points are the measurements with the diagonal elements of the measurement covariance matrix. Orange points are the model predictions with the diagonal elements of the model covariance uncertainties. The measurement uncertainties include the uncertainties in the quoted measurements and the additional uncertainty of σσP, sys. The model uncertainties include the lens model uncertainties and the marginalization over the λint and aani distribution (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/joint_inference.ipynb).



    

  
    
      Fig. 15. 
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Illustration of the goodness of the fit of the maximum likelihood model of the joint analysis in describing the VIMOS radially binned IFU velocity dispersion measurements of the nine SLACS lenses with VIMOS data in our sample. Blue points are the measurements with the diagonal elements of the measurement covariance matrix. Orange points are the model predictions with the diagonal elements of the model covariance uncertainties. The measurement uncertainties include the uncertainties in the quoted measurements and the additional uncertainty of σσP, sys. The model uncertainties include the lens model uncertainties and the marginalization over the λint and aani distribution (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/joint_inference.ipynb).



    

  
    
      Fig. 16. 
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Relative difference of the measured vs the predicted velocity dispersion for the SLACS and TDCOSMO sample as a function of different parameters associated with the line-of-sight and the lensing galaxy. In particular, these are the relative inverse distance weighted over density ζ1/r, the ratio of half-light radius to Einstein radius reff/θE, lens redshift zlens, and SIS equivalent velocity dispersion σSIS (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/JointAnalysis/joint_inference.ipynb).



    

  
    
      Fig. A.2. 
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Mock HST image with a power-law mass profile for which we perform the inference on the detectability of an approximate MST (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/MST_impact/MST_pl_cored.ipynb).



    

  
    
      Fig. B.3. 
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Radial dependence on the projected velocity dispersion measurement for different cored components (38) on top of a PEMD profile approximating a pure MST, with normalization λc and core radii, Rc. The projected radius from the center of the galaxy is extended to 5 arcsec to visibly see the impact on the kinematic of larger cored components (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/MST_impact/anisotropy_ifu.ipynb).



    

  
    
      Fig. D.1. 
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TDLMC Rung3 inference with fixed Ωm to the correct value and a generalized Osipkov–Merritt anisotropy profile (Eq. (D.1)). Blue contours indicate the inference with a uniform prior in aani while the red contours indicate the inference with uniform priors in log(aani). The thin vertical line indicates the ground truth H0 value in the challenge (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/TDLMC/TDLMC_rung3_inference.ipynb).



    

  
    
      Fig. D.2. 
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TDLMC Rung3 inference on the profile and anisotropy parameter when assuming the correct cosmology (https://github.com/TDCOSMO/hierarchy_analysis_2020_public/blob/6c293af582c398a5c9de60a51cb0c44432a3c598/TDLMC/TDLMC_rung3_inference.ipynb).
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