
    
      Fig. 3. 
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        Amplitude of the BH velocity components as a function of time. The figure graphs the velocity dispersion for each parallel and orthogonal component (denoted as σ∥ or ⊥ in the legend) and the (first-order integrated) streaming velocity (v∥, black solid line). The period of a circular orbit at radius R = 1kpc (1.5kpc) is ≃61 Myr (95 Myr).

      

    

  
    
      Fig. 5. 
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        Case when a BH is let go from R = 1.5kpc in a (dynamically) warm stellar disc (Table 1). In panel (a), the run of Lz is shown as a black solid curve, and radial and azimuthal velocity components are shown in red. In panel (b), the cylindrical radius R and the amplitude of v• are displayed, each with their own colour-coded vertical axis. In the early stage, dynamical friction makes the orbit shrink; however, the perturber BH acquires angular momentum throughout (panel [a], black curve). Both R and v• increase systematically from t ≈ 500 Myr onward. The dotted line at the bottom is the z-coordinate bound to ±15pc. Compare with the test case displayed on Fig. C.2.

      

    

  
    
      Fig. 7. 
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        Evolution of the system when the BH is released from rest at a radius of r = 1.5kpc (from top left to bottom right). The black arrow indicates the velocity vector. Large density fluctuations soon develop in the inner ∼1kpc where the BH potential becomes dominant. After t ≈ 100 Myr of evolution, strong density fluctuations appear, including large-scale voids (deep blue). The BH used in the calculation had a mass M• = 1.25 × 107 M⊙.

      

    

  
    
      Fig. 10. 
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        Similar to Fig. 9 but for when the BH is launched from the origin at vy = 80km s1 and comes to rest at a radius of R ≃ 1.35kpc. The run of all quantities are remarkably similar, but for a shift in time of ≈200 Myr (≈ two orbital times) when Lz peaks. We also note that the phase of dynamical friction does not bring the BH close to the origin, as its apocentre distance always exceeds 250pc. The gain in angular momentum seen in panel (a; black curve) begins before 500 Myr.

      

    

  
    
      Fig. 11. 
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        Evolution of the BH set on a circular orbit initially of radius r = 1.5kpc (top left to bottom right). The black arrow indicates the velocity vector. Large spiral waves and Jeans fragments develop quickly due to the lower stellar velocity dispersion. The BH binds with stars and opens a gap in its wake, which leads to a steady loss of angular momentum and inward migration. This is most visible in the frames with time running from t = 41 Myr to 915 Myr. At t = 915 Myr the BH sits at r ≈ 20pc with a rest-frame velocity ≃9km s1. Non-axi-symmetric clumps of stars dislodge the BH which acquires significant angular momentum by dynamical traction in the later stages of evolution (on a timescale ∼500 Myr). Calculations performed with a BH of mass M• = 1.25 × 107 M⊙.

      

    

  
    
      Fig. 12. 
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        Runs of angular momentum, radius, and velocity components as a function of time for a BH started on a circular orbit. a) The solid black curve graphs the angular momentum (left-hand axis with black labels). The right-hand axis is the scale for each velocity component (red curves). b) The cylindrical radius (in black, left-hand axis) is graphed together with the norm of the velocity (right-hand axis, in turquoise). The dotted line at the bottom is the z coordinate bound to ±10pc. The radius and velocity components reach a minimum at t = 915 Myr.

      

    

  
    
      Fig. 13. 
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        Runs of angular momentum and radius for three BH orbits: circular; an elliptical orbit with a small eccentricity, e ≈ 0.55; and a third case with a large eccentricity, e ≈ 0.67. a) Run of the angular momentum for each case as indicated in the legend. The solid black curve graphs Lz for the circular initial orbit displayed on Fig. 12. b) Cylindrical radius as a function of time for the same three cases. We note how the BH orbit with the more elliptical orbit actually evolves at a near-constant mean radius.

      

    

  
    
      Fig. 14. 
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        A) Specific angular momentum, Lz, as a function of the cylindrical radius, R, during the orbital migration of the BH. The large sky-blue arrows indicate the flow of time, t. The orange solid lines trace the expected values for the model galaxy. The curve in blue (red) shows the coordinates before (after) Lz has reached a maximum. The black lines indicate evolution at a constant Lz. The circles numbered 1 and 2 single out specific phases of evolution. B) Run of azimuthal velocity, vϕ, against radius, R. The axes have been shifted for clarity. The colour-coding for the other curves and symbols is as for (A).

      

    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
        Two examples of the interaction between the central BH and stellar sub-structures. In (A, top row), when the background spherical Isochrone potential is partially frozen, the disc stars form clumps of higher mass and binding energy. Such structures may dislodge the BH. This two-stage instability then grows as the BH extracts angular momentum from the flow of rotating stars around the centre. In (B, bottom row) the situation for a self-gravitating disc plus isochrone potential means that the clumps are much less massive and of a lower binding energy. In that case, a clump will dissolve in the strong tidal field of the BH. The centre of coordinates is indicated with a red dot. (See text for more details).

      

    

  
    
      Fig. C.1. 
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        Time evolution of a galactic disc with a BH at rest at the centre of coordinates. The black dot indicates the BH of mass =1.25 × 107 M⊙. A white dot indicates a test star which remains on a steady orbit. The time runs from left to right as indicated. Notice how an over-density in the shape of a ring develops early on but is then wiped out by differential rotation. After ≃1 Gyr of integration time, the BH remains close to the barycentre with a velocity of ∼7km s1 in amplitude.
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