

    


    
      Fig. 14. 
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        Correlation of cos(Ψstar, BH) against the BH mass (for the primary BH with a mass greater than 2 × 104 M⊙; left panels) and the BH spin magnitude (right panels), with color coding according to the percentage of mass gain through BH-merger fBH, merger at each specific redshift. At z = 3, most BHs whose mass is close to their seed mass (∼[1 − 3]×104 M⊙) are still in the process of spinning up through early gas accretion (i.e., blue filled circles). Their dimensionless spin parameters are close to unity, and tend to be aligned with the stellar component angular momentum. Other BHs have already undergone major mergers (red and green filled circles) which tend to decrease the magnitude of their spin while increasing the scatter in the distribution of cos(Ψstar, BH). At low redshift, the same trend is observed in the cos(Ψstar, BH)–|a| diagram. The corresponding correlations between |a| and the BH mass can be directly seen in Fig. 23 of Dubois et al. (2021).

      

    

  
    
      Fig. 16. 
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        Variations of cos(Ψstar, BH) from our sample of primary BHs with a mass MBH > 2 × 104 M⊙ with respect to the BH mass (first column), the host galaxy mass (second column), and BH spin (third column) at three different redshifts (z = 2, 1, and 0.18). In each panel, we divided the BH sample into two subsamples, characterized by the blue and red colors, and show the corresponding distributions of Ψstar, BH in the upper part of the panels. Here, the angular momentum of each associated galaxy is calculated within spheres of radius Re.

      

    

  
    
      Fig. 11. 
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        Normalized distributions of cos(Ψstar, BH), the angle between the BH spin, and the angular momentum of the stellar component of the host galaxy. The latter was computed within spheres of radius Re (blue histograms), 5 × Re (black lines), and 0.2 × Re (dotted red lines). The results are showns at three different redshifts (z = 2, 1 and 0.18) as well as two lower BH mass limits, 2 × 104 M⊙ (left column) and 4 × 104 M⊙ (right column). In each panel, the number of primary black holes considered to derive the histograms is indicated.

      

    

  
    
      Fig. 10. 
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        Variations of the BH mass vs the galaxy mass with color coding according to the value of cos(Ψstar, BH). We show three typical evolutions of intermediate mass BHs to illustrate the three different regimes followed by the variations of Ψstar, BH: (1) a tendency to BH-galaxy spin alignment right after their birth and for relatively short periods (MBH < 3 × 104 M⊙ and Mstar ≲ 2 × 107 M⊙), (2) erratic variations (MBH ≲ 105 M⊙), (3) new tendency to alignment at late time (5 × 109 M⊙ ≲ Mstar). Note that in the case of BH-1049, the blue region at late time corresponds to the BH spin anti-alignment situation.
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        Same as Fig. 3 but for BH-1049 and its host galaxy. This system has a much more complex evolution than BH-G9685 and BH-166 as the host galaxy is passing by two successive phases of cosmic gas accretion with a retrograde rotation with respect to the galactic disk. We illustrate here the first phase: ① Due to a cosmic inflow of gas, there is the coexistence of two disks of gas rotating in opposite direction. The central and original one (dark blue) is progressively disappearing and replacing by the new disk (light blue) from the outer parts. All the spins are still aligned. ② Once the original disk has completely disappeared, The spin of the accreted gas (red) flips to follow the rotation of the newly formed disk. This latter one is counter-rotating with respect to the stellar component. The BH is still aligned with the spin of the galaxy. ③ After some time, the BH aligns with the spin of the gas accretion disk and becomes anti-aligned with the galaxy spin. We note that a new episode of (retrograde) cosmic gas accretion is already in progress and will repeat the same scenario.

      

    

  