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        Top panels: Ionization maps and galaxies colored by their Lyα transmissions, at [image: equation], 0.7, and 0.9 for our z = 8 simulation. Lower panels: Recovered bubble edges (red contours) using the approach described in Section 3 and Appendix A.1 on top of the input ionization maps (white – ionized, gray – neutral). For our mock observations we use a number density of ngal = 0.002/cMpc3 (corresponding to a detection limit of MUV<−17.8 at z = 8) and a Lyα 5σ equivalent width limit of ≥30 Å for the faintest galaxies. We see the bubble edges are recovered well at all neutral fractions.

      

    

  
    
      Fig. 5. 
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        Integrated Lyα transmission as a function of the distance between a galaxy and the first neutral IGM patch the galaxy light encounters at z = 8. Solid lines in orange, maroon, and black curves show 𝒯(dIGM) for all the galaxies at [image: equation], 0.7, 0.9, respectively. The shaded region shows the 16−84 percentile range of the [image: equation] curve, for dIGM>10, the 16−84 percentile range is Δ𝒯 < 0.1. Maroon dashed and dotted lines show 𝒯(dIGM) at [image: equation], made using galaxies with emitted Lyα velocity offsets ΔvLyα>200 km/s and ΔvLyα<200 km/s respectively. None of these curves differ significantly, meaning 𝒯(dIGM) does not depend strongly on [image: equation] or ΔvLyα, especially for dIGM>10 cMpc. The curves are for z = 8 only, but the qualitative trends hold at other z.
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        Demonstration of our LOS-bubble-finding algorithm, where the zero point of the LOS position is arbitrary. (a) Starting from the galaxy farthest away from the observer, gi, we invert 𝒯(dIGM) (Figure 5, the red dashed line) to estimate the distance between the galaxy and the nearest neutral IGM patch, Di. We set the LOS bubble diameter, Dbubble=Di, and the redshift of the back of the bubble, zback=zi, that is, the redshift of the first galaxy. We then mark all galaxies in front of gi within Dbubble (orange dots) to be inside the same bubble as gi. (b) We then step through the bubble toward the observer to update our estimate of Dbubble. For a galaxy gi+n which is a distance di, i+n from galaxy gi we estimate the distance of galaxy gi+n from neutral IGM, Di+n. If Di+n+di, i+n>Dbubble we update Dbubble→Di+n+di, i+n. (c) Once we have iterated through all galaxies contained within Dbubble and Dbubble converges, we continue iterating through all the galaxies in the line-of-sight in the same manner to find all the bubbles. In this example sightline we find two bubbles and their associated galaxies (orange galaxies on the left and green galaxies on the right, the remaining blue point is a galaxy between the two bubbles and is not considered to be inside a bubble).

      

    

  
    
      Fig. 10. 
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        Mean bubble diameter as a function of [image: equation]. We adopt the characteristic bubble size measured using the mean-free-path method in Lu et al. (2024) and assume z = 8 (there is minimal impact on the physical sizes over the epoch of reionization, z∼6−10). We show bubble diameter in arcmin on the plane-of-the-sky on the left axis and along the line-of-sight in redshift width on the right axis. Gray lines mark the area of existing and upcoming spectroscopic surveys with JWST.

      

    

  
    
      Fig. 11. 
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        Mean bubble diameter recovered from measuring bubbles along NLOS sightlines using our bubble mapping algorithm (Section 4), for simulations with different bubble-size distributions. The solid and shaded regions show the median and 68% range of the recovered mean bubble size from 150 realizations. With ≳15−30 sightlines it would be possible to distinguish different bubble size distributions.
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        Example of converting an asymmetry score map into a binary ionization map (top panel), and converting an ionization map into a binary ionization map (bottom panel). The left column shows the original maps. The second column shows the maps converted into binary maps by setting all the pixels with asymmetry score ([image: equation]) above (below) a threshold ionized. The third column shows the binary map after we use scipy.ndimage.binary_fill_holes, to fill the holes, which correspond to areas inside bubbles, in the second column.
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        Recovered bubble maps using different Athresh. From left to right column are the maps using Athresh of 0.2,0.4,0.6,0.8, respectively. When Athresh>0.5, the recovered bubbles break into too many small pieces.

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Jaccard index for different window radius and depth combinations as a function of [image: equation].

      

    

  
    
      Fig. B.1. 
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        Recovered bubble maps corresponding to different galaxy number densities ngal≈0.0040−0.0005/cMpc3 at [image: equation]. To achieve these number densities we vary MUV, limit in our z = 8 simulations, and assume flux limit corresponding to a 5σ EW limit of 30 Å for the faintest galaxies. Dots show the detectable galaxies, color-coded by their true Lyα transmissions. As number density of galaxies increases, bubble recovery improves. With ngal≳0.002/cMpc3 we can recover bubbles well: lower ngal is not sufficient to sample the space.

      

    

  
    
      Fig. B.2. 
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        Upper panel: Input ionization map (gray neutral, white ionized) at [image: equation] and MUV≤-17.2 galaxies (dots) used to calculate asymmetry maps at z = 8. Galaxies are color-coded by their peak Lyα transmission (𝒯) inferred from the observed EW and uncertainty of EW. From left to right we show results using 5σ EW limit, EWLyα, limit = 10, 30, 50, and 100 Å for the faintest galaxies. Lower panel: Asymmetry maps (red contours) made using the galaxies in the upper panel. We can recover bubble edges very well when EWLyα, limit is at least the median emergent EW of galaxies (≈30 Å). When EWLyα, limit is too shallow (≫30 Å), we cannot get useful information about Lyα transmission from our observations, thus the recovered bubbles only trace the regions around galaxies with EW greater than the detection limit.
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