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Hierarchical representation of the BORG inference framework for the analysis of Ly-α forest data. Primordial fluctuations δic encoded in a a set of Fourier modes at z ≈ 1000 are obtained from the prior P(δic|Ω), where Ω represents the cosmological parameters. These initial conditions are evolved to z = 2.5 using PPT, which provides the optical depth τPPT and the evolved density, δPPT. The optical depth is then used to generate quasar spectra based on the fluctuating Gunn-Peterson approximation (FGPA). Fobs indicates the data. Purple boxes indicate deterministic transition while green boxes are probability distributions. Iterating this procedure results in a Monte Carlo Markov chain that explores the joint posterior distribution of the three-dimensional matter distribution underlying Ly-α forest observations.
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Burn-in of the posterior initial matter power spectra. Left panel: corresponds to PPT with annealing, and the right panel corresponds to standard LPT. The colour scale shows the evolution of the matter power spectrum with the number of samples. The dashed lines indicate the underlying power spectrum and the 1- and 2-σ cosmic variance limits. The Markov chain is initialised with a Gaussian initial density field scaled by a factor 10−3 and the amplitudes of the power spectrum systematically drift towards the fiducial values, recovering the true matter power spectrum at the end of the warm-up phase. Monitoring this drift allows us to identify when the Markov chain approaches a stationary distribution and provides unbiased estimates of the target distribution. The annealing with PPT reduces significantly the number of samples required in the warm-up phase, moving the chain faster to the target distribution. This is achieved by first sampling the coarser scales and gradually allowing the algorithm to respond to increasingly finer scales.
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Estimated correlation matrix of power spectrum amplitudes with the mean value, normalised using the variance of amplitudes of the power spectrum modes, for PPT (left panel) and LPT (right panel). We computed the correlation matrix from 600 samples after the warm-up phase. The low off-diagonal terms indicate that the annealing method does not introduce any erroneous mode coupling.
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Slices through ground truth initial (left upper panel), true evolved density field (left middle panel), true optical depth field (left lower panel), inferred ensemble mean initial (middle upper panel), ensemble mean evolved (middle-lower panel) density field and ensemble mean optical depth (lower middle panel) computed from 600 MCMC samples. The density fields are in physical space, obtained with the PPT as indicated in Eq. (6). The optical depth field is in redshift space, corresponding to [image: equation] with χ from Eq. (13). Comparison between these panels shows that the method recovers the structure of the true density fields with high accuracy. Right panels: standard deviations of inferred amplitudes of initial (upper right panel), final density fields (middle right panel) and optical depth (lower right panel). We note that we plotted the standard deviation of the density σδf but the mean density is plotted as log10(2 + ⟨δf⟩). We note that the uncertainty of δf and of the optical depth present a structure that correlates with the corresponding field. In contrast, the standard deviation of the initial conditions are homogeneous and show no correlation with the initial density field, indicating that the dynamical model correctly propagates the information between the primordial matter fluctuations and the final density and absorption fields.
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Pearson coefficient of the true density field and 300 density samples in our Markov chain. The red line corresponds to the mean of the correlation, and the shaded region indicates the standard deviation. The correlation is computed for a slice of width 1 h−1 Mpc (the x-axis indicate the position across this slice). The dashed lines indicate the position of the lines of sight in the slice, and the dotted lines indicate the position of lines of sight in neighbouring slices. The Pearson coefficient is > 0.7 at most of the locations in this slice, including regions where there are no neighbouring lines of sight. This indicates that the algorithm can interpolate the information between lines of sight and correctly recover the structures in unobserved regions.
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Mean posterior matter power-spectrum. The mean and the standard deviation of the initial matter power spectrum have been computed from 300 density samples of the Markov chain obtained after the warm-up phase. The standard deviation is plotted, but it is too small to be visible, showing the stability of the posterior power-spectrum. The dashed line indicates the underlying power spectrum and the 1- and 2-σ cosmic variance limit. The algorithm recovers the fiducial power-spectrum amplitudes within the 1-σ cosmic variance uncertainty limit throughout the entire range of Fourier modes considered in this work.
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Posterior predictive flux for a spectrum with noise σ = 0.03. The posterior predicted flux (orange line) is computed from the ensemble mean optical depth field in redshift space. The blue shaded region indicates the 1-σ region, corresponding to the standard deviation of the noise in this line of sight. This test checks whether the data model can accurately account for the observations. Any significant mismatch would immediately indicate a breakdown of the applicability of the data model or error of the inference framework. Our method recovers the transmitted flux fraction correctly within the noise uncertainty.



    

  
    
      Fig. 14. 
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Slices through ground truth (left panel) and mean (middle panel) velocity field in the direction of the line of sight, estimated from 200 samples. Comparison between these panels shows that the method recovers the true velocity field. Right panel: standard deviation.



    

  
    
      Fig. 15. 
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Zoom-in on the density field. The vector field shows the velocities derived from PPT, showing matter flowing out of the void and falling into the gravitational potential of the cluster. Our method provides consistent velocity and density fields that can be used to study structure formation. In particular, the velocity derived from the PPT provides more accurate estimates than the standard LPT in voids and filaments.
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