
    
      Fig. 3 
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        Temporal evolution of the gas surface density Σ (shown in a logarithmic colour gradient) in a simulation with αDZ = 10−3 and αMRI = 10−1. In each panel, the depicted portion of the disk is centred on TOI-216b. A rectangular projection of azimuthal coordinates is used to highlight disk features orbiting at the same radial separation. Streamlines of the gas flow are overlaid as white oriented curves. Individual panels are labelled with the migration time tmig (corresponding to Fig. 1) and the instantaneous orbital radius of the planet rp. Panels a–d capture important phases of migration of TOI-216b towards the viscosity transition, panel e shows a state shortly after the migration stalls and panel f shows the final state of our simulation. The figure is also available as an online movie showing the temporal evolution between tmig = 16 000 and 17 000 Porb.

      

    

  
    
      Fig. 5 
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        As in Fig. 3, but now for different values of the planet-to-star mass ratio q as indicated by labels of individual panels. The viscosity transition is parameterized with αDZ = 10−3 and αMRI = 5 × 10−2 (see top panel of Fig. 4 for corresponding migration tracks of individual planets). In panels a-e that exhibit the migration trap, we show the state of the simulation at tmig = 40000 Porb. In panel f, the planet is not trapped and thus we show the state at tmig = 9000 Porb when the planet is roughly at the same radial distance as in panel e.

      

    

  
    
      Fig. 7 
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        2D distribution of the inverse potential vorticity ζ−1 for the same simulation set as in Figs. 5 and 6 and for q = 1.5 × 10−5 (top), 4.5 × 10−5 (middle) and 7.3 × 10−5 (bottom). Vertical dashed lines mark the approximate extent of the horseshoe region following Jiménez & Masset (2017, their Eq. (30)). The colour scale is saturated to highlight features in the co-rotation region.

      

    

  
    
      Fig. 10 
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        Surface density and streamlines for viscosities αDZ = 10−3, αMRI = 10−1 and TOI-216b in a fixed circular orbit at ap = 1.1 au. The plot serves as a comparison with panel f of Fig. 3 where the planet was migrating. The figure is also available as an online movie showing the variations in Σ and streamlines for all values of ap considered in our static torque measurements.

      

    

  
    
      Fig. 11 
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        Radial profiles of the surface density Σ (top, left vertical axis, solid curves), α viscosity (top, right vertical axis, dashed curves), temperature T (bottom, left vertical axis, solid curves) and aspect ratio h (bottom, right vertical axis, dashed curves). A comparison is shown between our 2D non-isothermal model (black curves) and a 3D vertically resolved radiative hydrostatic model (red curves). The bottom panel is split into three regions discussed in Sect. 2.2, namely the dust halo (B), the condensation front (C) and the flared disk (D) (e.g. Ueda et al. 2017).

      

    

  
    
      Fig. 12 
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        Normalized static torque γΓ/Γ0 measured in our non-isothermal simulations as a function of the planetary orbital distance ap. We show measurements for q = 5 × 10−5 (left column), 7.3 × 10−5 (TOI-216b; middle column) and 9 × 10−5 (right column). Individual rows correspond to different viscosities aDZ in the dead zone (see the boxed labels) and colour-coded points with line segments correspond to different viscosities αMRI in the MRI-active zone (see the plot legend). The horizontal dashed line is where the total torque is zero. We point out that the extent of the vertical axis in the left column differs from the middle and right columns.

      

    

  
    
      Fig. 13 
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        Logarithm of the gas surface density in non-isothermal simulations with αDZ = 10−3 and αMRI = 5 × 10−2. The panels correspond to different planet-to-star mass ratios as marked by the labels. Each planet is held in a fixed circular orbit with ap = 0.12au. We overplot streamlines of the gas flow relative to the planet with white curves. The figure is also available as an online movie that scans all values of ap for which the static torque was measured. Corresponding torque measurements can be found in the top row of Fig. 12 (blue data points).

      

    

  
    
      Fig. 14 
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        Qualitative comparison between our hydrodynamic simulations (horizontal lines) and torque formulae (colour gradient) that are often used in TV-body simulations of planet formation. Migration maps consisting of red and blue colour gradients mark the regions of the parametric space in which the torque formulae predict outward and inward migration, respectively. The black isocontour is where the predicted torque is exactly zero. Orange and cyan lines mark the extent of semi- major axes for which our simulations resulted in positive and negative torques, respectively (see Fig. 12). In the top panel, γΓ/Γ0 is calculated following Paardekooper et al. (2011) for all planetary masses that do not violate the gap-opening criterion of Crida et al. (2006) (planets that do violate Crida's criterion belong to the grey region). In middle and bottom panels, the torque is calculated according to Jiménez & Mas- set (2017) and blended between Type I and Type II regimes using the recipe of Kanagawa et al. (2018). Top and middle panels are based on the unperturbed radial profiles of our non-isothermal disk with the viscosity transition αDZ = 10−3 and αMRI = 5 × 10−2 (see Fig. 11); viscosities in the bottom panel are αDZ = 2.5 × 10−4 and αMRI = 5 × 10−2. We recall that the planet mass Mp is obtained from q assuming the stellar mass of TOI-216, M* = 0.77 M⊙.

      

    

  
    
      Fig. C.1 
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        Surface density and streamlines for a migrating super-Earth- sized planet with q = 1.5 × 10−5 at tmig = 300Porb after the planet was released. The corresponding migration track is shown in bottom panel of Fig. 4 (αDZ = 10−3 and αMRI = 2.5 × 10−2). There is an excess mass in the rear horseshoe region and the planet thus migrates in the runaway Type III regime.

      

    

  
    
      Fig. C.2 
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        Surface density for a migrating planet with q = 3.6 × 10−4 shortly before the end of the simulation. The corresponding migration track is shown in the bottom panel of Fig. 4. The planet is strongly eccentric (e ≃ 0.05), which manifests itself via the eccentricity of the gap and the relative position of the planet with respect to gap edges. We point out that this unusual result (compared to our remaining simulations) might be caused by a numerical artefact.
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