
    
      Table 1. 

      Simulation box size in h−1 Mpc, number of particles, particle mass in h−1 M⊙, force resolution in units of h−1 kpc and cosmological parameters.

      
        


	Simulation
	Box
	Particles
	Mp
	Ωm
	Ωb
	ΩΛ
	h100





	MDPL2
	1000
	38403
	1.51 × 109
	0.307115
	0.048206
	0.692885
	0.6777



	Virgo ΛCDM
	239.5
	2563
	6.86 × 1010
	0.3
	–
	0.7
	0.70



	Virgo SCDM
	239.5
	2563
	22.7 × 1010
	1.0
	–
	0.0
	0.50



	Virgo OCDM
	239.5
	2563
	6.86 × 1010
	0.3
	–
	0.0
	0.70





      

      
Notes. All simulations are from dark-matter–only runs.



    

  
    
      Fig. 1. 
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        Histogram of the turnaround radii Rta values from MDPL2 (black) and Virgo ΛCDM (cyan). The difference between the two distributions reflects the difference between box sizes and resolutions. The mean (μ) and standard deviation (σ) are shown on the top right, while, for the merged data (μ,σ) = (7.8, 2.5). Additional distributions can be found in Fig. A.1 of the Appendix.

      

    

  
    
      Fig. 2. 
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        Performance comparison across different models. Upper panel: Comparison between low- and high-velocity-cut models’ performance. The plot shows different R2 values for each combination of the three features considered: mass column density, number column density, and mean line-of-sight velocity (indicated as “mass”, “num”, and “vel” respectively). Best results are obtained for the low velocity cut (due to less contamination) and for data containing the mass. Lower panel: Comparison between models including or excluding the central halo. Both analyses are performed for the low-velocity-cut data. Without the central halo, performance drops significantly across models; all models without it predict the turnaround with a similar score.

      

    

  
    
      Fig. 3. 
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        Comparison between predicted and true values of Rta for models using the MDPL2 “mass” images from: the low-velocity-cut data (left panel); the high-velocity-cut data (middle panel); and the low-velocity-cut data after removing the central halo of each projection (right panel). The colors represent the number density of the plotted points, calculated using a Gaussian kernel density estimate. R2 scores and the mean absolute errors (MAEs) are shown at the bottom right of each plot. While the models in the left and middle panel show some correlation between true and predicted Rta values, the right-panel model appears to mostly predict the mean value of the Rta distribution, especially when comparing the MAEs with the standard deviation of the Rta distribution (2.2 Mpc) as shown in the upper panel of Fig. 1.

      

    

  
    
      Fig. 4. 
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        R2 scores of different combinations of training and testing data using the mass column density (upper panel) or velocity dispersion (lower panel) information. 80% of the simulation data were used for training-validation, and 20% was used for the testing in each case located in the diagonal. Left panel: Training and testing data from different MDPL2 redshifts (z = 0, 0.49, 1.03). As expected, for each training set, the R2 score is the highest when evaluated on data from the same redshift. Since MDPL2 is a ΛCDM concordance cosmological simulation, the ρta depends on redshift. Therefore, for different redshifts, the model cannot find an apparent correlation between Mvir and Rta because ρta varies with redshift. The velocity information plot has the same form as the mass, indicating that the model just correlates the mass with the velocity dispersion. Right panel: Training and testing data from different simulations and cosmological models (MDPL2, Virgo ΛCDM, Virgo OCDM, Virgo SCDM, and the merged data from MDPL2 and Virgo ΛCDM). Best models seem to be the ones containing the data from the MDPL2, possibly due to the fact of the larger number of training instances. Negative R2 values are a direct consequence of the fact that evaluating a model on another simulation can predict values even worse than the mean (as discussed in Sect. 3), since the target value distribution is an unknown.

      

    

  
    
      Fig. 5. 
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        Comparison between predicted and true values of the Rta for models using the stacked velocity-dispersion images from 3000 bins of Rta from: the MDPL2 data (left panel); the merged MDPL2 with Virgo ΛCDM data (middle panel); the merged MDPL2 with Virgo ΛCDM data with removed information inside the R200 of the central overdensity (right panel). R2 scores and the mean absolute errors (MAEs) are shown at the bottom right of each plot. The colors represent the number density of the plotted points, calculated using a Gaussian kernel density estimate. It is apparent that the merging of the two datasets significantly improves the performance of the model even without the central halos’ velocity information.

      

    

  
    
      Fig. 6. 
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        Shapley values of two random test projections (upper and lower panel) from the merged and stacked MDPL2 and Virgo ΛCDM data. Left panel: Standard deviation of the halo velocity in each pixel. Right panel: Shapley values in each pixel (pink: higher prediction; blue: lower prediction). The red circle represents the R200, while the black and purple circles represent the true and the predicted Rta, respectively. Lower dispersion is always prominent in the central area due to the virialization of the matter surrounding the central perturbation. However, the extent of this lower dispersion area seems to indicate to the model where the turnaround radius should be. In particular, in the first image, the structure seems to have higher dispersion in areas far from the center, compared to the second one, which has lower values. The high dispersion seems to indicate to the model that the turnaround radius should be lower, while the lower dispersion indicates the opposite.

      

    

  
    
      Fig. A.1. 
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        Histogram of Rta values from MDPL2 form z = 0.49 and z = 1.03 (left panel) and Virgo from OCDM and ΛCDM cosmology (right panel), similarly to Fig.1. The distribution moves as we change the redshift or Ωm and ΩΛ, which is expected due to the dependence of ρta on the cosmological setting discussed throughout the paper and proved in Pavlidou et al. (2020).

      

    

  
    
      Table B.1. 

      Characteristics of each layer of the CNN architecture.

      
        


	Layer
	Inputs
	Kernel size
	h × w
	#feature maps





	Convolution (C1)
	Input image
	5 × 5
	25 × 25
	32



	Activation (A1)
	C1
	-
	25 × 25
	32



	Batch Normalization (BN1)
	A1
	-
	25 × 25
	32



	Pooling (P1)
	BN1
	2 × 2 (stride 1 pix)
	12 × 12
	32



	Dropout (D1)
	P1
	-
	12 × 12
	32



	Convolution (C2)
	D1
	5 × 5
	25 × 25
	64



	Activation (A2)
	C2
	-
	25 × 25
	64



	Batch Normalization (BN2)
	A2
	-
	25 × 25
	64



	Pooling (P2)
	BN2
	2 × 2 (stride 1 pix)
	12 × 12
	64



	Dropout (D2)
	P2
	-
	12 × 12
	64



	Flatten (F1)
	D2
	-
	2304
	-



	Fully Connected (FC1)
	F1
	-
	32
	-



	Activation (A3)
	FC1
	-
	32
	-



	Batch Normalization (BN3)
	A3
	-
	32
	-



	Dropout (D3)
	BN3
	-
	32
	-



	Fully Connected (FC2)
	D3
	-
	16
	-



	Activation (A4)
	FC2
	-
	16
	-



	Dropout (D4)
	A4
	-
	16
	-



	Fully Connected (FC3)
	D4
	-
	1
	-





      

      
Notes. Columns are: name of the layer, input layer, size of the convolution kernel (in pixels), size (height × width in pixels), and number of the resulting feature maps.



    

  
    
      Fig. C.1. 
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        Resolution sensitivity test results for the base CNN model and its variations. Left panel: R2 scores of the best-performing model for each tested resolution ([image: equation]), with example “mass” images shown below. Right panel: Same test applied to images smoothed with a Gaussian kernel density estimate, using either Silverman’s rule of thumb (Silverman 1986) or a bandwidth equal to the pixel size. Example “mass” images for the former are shown below. The chosen resolution (dotted purple line and shaded purple region) provides an optimal balance between predictive accuracy and numerical stability.

      

    

  
    
      Fig. E.1. 
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        Comparison between predicted and true values of the Rta for models using the stacked images from 3000 bins of R200 from: the MDPL2 data (left panel); the merged MDPL2 with Virgo ΛCDM data (middle panel); the merged MDPL2 with Virgo ΛCDM data with removed information inside the R200 of the central overdensity (right panel). R2 scores and the mean absolute errors (MAEs) are shown at the bottom right of each plot. The colors represent the number density of the plotted points, calculated using a Gaussian kernel density estimate. It is apparent that the merging of the two datasets significantly improves the performance of the model even without the central halos’ velocity information.

      

    

  
    
      Fig. F.1. 
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        Comparison between predicted and true values of the Rta for 1D models (features from radial bins only) using MDPL2 mass images (left panel) and the merged MDPL2 and Virgo velocity dispersion images (right panel). The colors represent the number density of the plotted points, calculated using a Gaussian kernel density estimate.

      

    

  
    
      Table F.1. 

      R2 scores of models trained on z = 0 and tested on z ≈ 0.5 and 1.0 for the MDPL2 and the merged data.

      
        


	
	Divide by outer ring
	Subtract outer ring





	MDPL2



	




	z = 0
	0.17
	0.17



	z ≈ 0.5
	−0.19
	−0.36



	z ≈ 1.0
	−7
	−8



	




	Merged



	




	z = 0
	0.45
	0.45



	z ≈ 0.5
	0.22
	0.17



	z ≈ 1.0
	−2.18
	−2.93
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