
    
      Fig. 3 
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        Final BH spin dimensionless parameter after a single accretion episode as a function of Mratio as defined in Eq. (10). The solid, dotted, dashed and dot-dashed lines represent af for the initial spin values −1, −0.5, 0, and 0.5 respectively. The solid and dotted lines represent the event of an accretion episode in which the accretion disc is counter-rotating with respect to the BH.

      

    

  
    
      Table 2 

      Parameter summary of the cosmological simulations.

      
        


	
	aseed
	ϵf
	MBH,seed (M⊙h−1)
	M*,seed (M⊙h−1)
	mDM (M⊙h−1)
	mg (M⊙h−1)
	m*(M⊙h−1)
	εDM(kpc h−1)
	εg(kpc h−1)
	ε*,BH (kpc h−1)





	Zoom-in simulations



	




	asin/dfrogin
	0
	0.05
	2× 105
	1 × 109
	3.3 × 107
	6.25 × 107
	1.6 × 107
	1
	1
	0.25



	Cosmological box



	




	BOX4
	0
	0.0775
	4× 105
	1.6 × 1010
	6.9 × 108
	1.4 × 108
	3.5 × 107
	3.75
	3.75
	2.0





      

      
Notes. aseed is the BH spin parameter at seeding; єf is the feedback coupling efficiency (Sect. 2.4); MBH,Seed is the BH mass at seeding; M*,seed is the stellar mass considered for BH seeding (Sect. 2.1); mDM is the DM particle mass; mg is the initial gas particle mass; m* is the star particle mass; εDM,εg,and ε* are the DM, gas, and stellar and BH softening length, respectively.




    

  
    
      Fig. 5 
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        Spin alignment process in the idealised Milky Way galaxy. Top panels: angle subtended by the BH angular momentum and the z-axis θr. Bottom panels: BH spin parameter a. Quantities are plotted as a function of time (left panels) and of the ratio between accreted and initial BH mass MBH/MBH,0 (right). Each line represents one simulation of the set summarised in Table 1. Dotted lines represent the instant after which condition (6) is no longer satisfied.

      

    

  
    
      Fig. 7 
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        3D perspective volumetric rendering of the gas density in the idealised galaxy merger simulation. The field of view depicted in the figure spans a width of 55 kpc and a height of 31 kpc, as measured along a plane that intersects the centre of the rendering volume. Top panel: last snapshot before the merger. Bottom panel: first snapshot after merger. The arrows mark the instantaneous direction of the BH spin vector. A movie is available online.

      

    

  
    
      Fig. 10 
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        BH spin parameters a of the selected BH sample in ASIN (diamonds) and DFROGIN (stars) as a function of MBH, at z = 0. The squares and pentagons show the collection of observational measurements of the BH spin parameter by Reynolds (2021; with updates from Bambi et al. 2021) and Mallick et al. (2022), respectively. The hexagon represents the spin estimate reported by Walton et al. (2021) and the diamond represents the measurement obtained by Sisk-Reynés et al. (2022).

      

    

  
    
      Fig. 11 
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        Summary of properties related to the most massive BH in the DFROGIN run, as they evolve across time. From top to bottom: z-component of the BH spin direction jBH,z (black, solid line) and direction of the angular momentum of the gas in the BH kernel jg,z (orange, dashed line); cosine of the angle between the accretion disc and the BH spin at the beginning of each accretion episode cos θBH–d (i.e. left-hand side of Eq. (6), black solid line) and − Jd/(2JBH) (i.e. right-hand side of Eq. (6), orange dashed line); ratio of the magnitudes of the disc and BH angular momenta Jd/JBH; BH dimensionless spin parameter α; radiative efficiency of the accretion disc єr; Eddington ratio fEdd; BH mass MBH.

      

    

  
    
      Fig. 12 
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        MBH as a function of stellar mass M* for the Box4 run. Circles represent the simulated sample at z = 0, while the observational points are as in Fig. 9. The points are colour-coded according to the number of mergers BH have undergone.

      

    

  
    
      Fig. 13 
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        Distribution of BH spin parameters as a function of the BH mass in Box4 (circles), at z = 0. The points are colour-coded according to the number of mergers BH have undergone. The squares and pentagons show the collection of observational measurements of the BH spin parameter by Reynolds (2021; with updates from Bambi et al. 2021) and Mallick et al. (2022), respectively. The hexagon represents the spin estimate reported by Walton et al. (2021) and the diamond represents the measurement obtained by Sisk-Reyn6s et al. (2022).

      

    

  
    
      Fig. 14 
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        BH dimensionless spin parameter a as a function of MBH, for the five most massive BHs at z = 0, for the Box4 run. Each line corresponds to one BH and is colour-coded by redshift. The symbols mark the position of each BH in the plot at a few specific instants in time, corresponding to z = 0, 1, 2, 3, 4, colour-coded accordingly.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Statistical analysis of a few key properties of the accretion episodes occurred in the Box4 run. The entire set of accretion episodes occurred during the simulation has been considered (i.e. for every BH and at every redshift). The top (middle) panel shows a 2D histogram of the values of Jd/JBH (θBH−d) as a function of mass. Each bin is colour-coded by the number of accretion episodes in that bin (Nbin), normalised to the total number of episodes per mass bin (Nmass bin). In the top panel, the dashed line pinpoints [image: equation] (for the self-gravitating case, Eq. (23)); the dotted line shows [image: equation] (non-self-gravitating case, Eq. (19)). a = 0.998 and fEdd = 1 are assumed to plot these reference lines. The bottom panel shows the fraction of counter-rotating accretion episodes over the total, per BH mass bin.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        BH spin direction variation per accretion episode (i.e. [image: equation]) as a function of Jd/JBH, colour-coded by θBH−d, the misalignment angle between disc and BH angular momenta at the beginning of the episode. The dashed lines illustrate the analytical dependence of [image: equation] on Jd/JBH, computed using Eq. (5).
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