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Hydrodynamic quantities in the midplane of the κconst-disk close to the protoplanet. Top row: cold protoplanet right before the accretion heating is initiated (at t = 30 Porb). Bottom row: steady state of gas around the hot protoplanet (at t = 60 Porb). The figure isconstructed as a Cartesian projection of the spherical grid. The density maps (left) display the perturbation (ρ − ρ0)∕ρ0 relative to the equilibrium disk (t = 0 Porb), the temperature map for the cold protoplanet (top right) shows the absolute values, and the temperature map for the hot protoplanet (bottom right) shows the excess with respect to the cold protoplanet (by subtracting T(t = 30 Porb) from T(t = 60 Porb)). The position of the protoplanet is marked with the cross, the extent of its Hill sphere is bordered by the circle. The green curves (right) show the topology of streamlines in the frame corotating with the protoplanet. In the inertial frame, the protoplanet would orbit counterclockwise. The streamlines outwards from its orbit thus depict the flow directed from y > 0 to y < 0; the inward streamlines are oriented in the opposite direction. A detailed view of the streamlines is provided in Fig. 5 where we also sort them according to their type.


    

  
    
      Fig. 5 
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Detailed streamline topology in the κconst-disk simulation. Top row: cold protoplanet at t = 30 Porb. Bottom row:hot protoplanet at t = 60 Porb. Rectangular projection in the spherical coordinates is used to display the disk midplane near the protoplanet (left) and the actual 3D flow (right). The colour of the curves distinguishes individual sets of streamlines: inner circulating (yellow), outer circulating (red), front horseshoe (light blue), rear horseshoe (purple) and other (green). The thick black lines highlight the critical circulating streamlines closest to the protoplanet. The black cross and the ellipse mark the location and Hill sphere of the protoplanet; the black arrows indicate the flow direction with respect to the protoplanet. In 3D figures (right), the dark blue hemisphere corresponds to the Hill sphere above the midplane. Additionally, the insets in the corners of the 3D figures provide a close-up of the upstream outer circulating streamlines viewed from a slightly different angle. The endpoints indicate where the flow exits the depicted part of the space and highlight if the initially coplanar streamlines descend towards the protoplanet (top) or rather rise vertically (bottom). We emphasise that the streamlines in the 3D figures are generated above the midplane and do not directly correspond to those in the 2D figures.
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Midplane streamline topology in the κBL-disk simulation. The panels are labelled by the simulation time. The individual types of streamlines are the same as in Fig. 5. The sequence (a–f) represents the transition between the states corresponding to the minimum and maximum of the torque, respectively (see Fig. 2 to relate the panels to the torque evolution).
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Maps of the ϕ-component of the baroclinic term in the κconst-disk simulation. The purple isocontours depict several levels of the constant volume density and the green isocontours correspond to the isobars. The levels of the contours are kept fixed between the panels.
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Balance of the Schwarzschild criterion in the vertical planes of the κconst -disk (top) and the κBL-disk (remaining panels). The individual vertical planes are chosen to track the most prominent vertical flow at the given simulation time t (see the main text) and their azimuthal separations from the protoplanet location are given by panel labels (using multiples of the azimuthal span ΔθH of the Hill sphere radius). The colour maps evaluate Eq. (15). Positive values indicate superadiabatic vertical temperaturegradients. The vertical velocity vector field is overlaid in the plots. The half-circles mark the overlap of a given plane with the Hill sphere (the planes in panels 3 and 5 do not overlap with the Hill sphere).
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Radial (top two panels) and vertical (bottom) opacity profiles in equilibrium disks which we use to study the torque dependence on the opacity gradients. In the top panels, the individualcases are distinguished by colour and labelled in the legend. The profile of the κBL -disk (solid grey curve) is plotted for comparison. The bottom panel corresponds to the protoplanet location and demonstrates that only thedisks with T-dependent opacities develop a vertical opacity gradient (which is not allowed for r-dependent opacities by construction).
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Torque evolution in disks described in Fig. 12. Top panel: disks with T-dependent opacities. Bottom panel: disks with r-dependent opacities. The individual cases are distinguished by colour and labelled in the legend. The evolution from the κBL -disk simulation (solid grey curve) is given for reference. In the top panel, the torque amplitude diminishes with the power-law index of theopacity law, yet the oscillations appear in all studied cases. In the bottom panel, we find that oscillations are rapidly damped.
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Top: comparison of the static (solid black curve) and dynamical torque (dashed blue curve) acting on the hot protoplanet in the κBL -disk. Bottom: evolution of the semimajor axis in the κBL-disk when the protoplanet is allowed to migrate. The migration is inward and oscillatory.


    

  
    
      Fig. B.1 
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Torque evolution in the κBL-disk with instantaneously increased luminosity of the protoplanet L (solid black curve; same as in Fig. 2) compared to the κBL-disk with smoothly increasing L (dashed bluecurve). Even before L reaches its maximum value in the latter case, the curves start to overlap. After t = 40 Porb, the agreement is almost exact.


    

  
    
      Fig. B.2 
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Torque evolution obtained in the κBL-disk simulation with an increased azimuthal resolution of 2764 cells. The time span of the individual phases is shortened to save computing time. The instability in the presence of the accretion heating is however recovered again.
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