
    
      Fig. 1 
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        Timeline for our 3D models with embedded planets. Models in the blue, orange and green phases are discussed in Sects. 3.1–3.3 respectively. The planet finishes growing by t = t0 + 100 P0 (purple dotted line).

      

    

  
    
      Fig. 2 
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        Radial (uR), vertical (uz), and azimuthal (uϕ) gas velocity components in our fiducial axisymmetric model, highlighting the vertically elongated sheets of motion generated by the VSI. The Keplerian backgroun uK has been subtracted from uϕ, and all components have been normalized to the local sound speed.

      

    

  
    
      Fig. 3 
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        Radial and vertical profiles of the turbulent accretion parameter αacc and the turbulent mixing parameter αmix in our fiducial axisymmetric model. We find a typical αacc ≈ 1.5 × 10−4 and αmix ≈ 0.15−0.3, in agreement with previous results. The faint curve on the upper panel refers to αacc without radial smoothing through Eq. (A.3).

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Highlights of our 3D fiducial model. Left: surface density deviations in the disk compared to the azimuthally averaged surface density [image: equation], showing azimuthal structure in the form of spirals and vortices. Middle: vertical velocity of the gas at the disk midplane; quasi-axisymmetric stripes reveal VSI activity. Right: a map of the gas vortensity deviations compared to the initial (Keplerian) vortensity ϖ0, highlighting two vortices orbiting at R ≈ 1.15 R0

      

    

  
    
      Fig. 5 
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        Turbulent parameters αacc and αmix in our fiducial 3D model. Our 2D results from Fig. 3 are shown in blue curves. The total stress in the disk is shown with solid curves, while dashed curves isolate the contribution of the VSI. While [image: equation] increases slightly, decreases such that [image: equation]. This happens due to the stronger accretion stress supplied by spiral arms that in fact weaken the VSI, which is the primary driver of vertical motion. The bottom panel is calculated at the radial location shown by the vertical line in the top panel (here, R = 1.4R0).

      

    

  
    
      Table 1 

      Estimates of turbulent α in our models.

      
        


	h
	Mp
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]





	0.10
	–
	4.51 × 10−4
	0.115
	2.53 × 10−4
	0.103



	0.10
	0.3
	8.39 × 10−4
	0.058
	1.40 × 10−4
	0.045



	0.05
	–
	1.82 × 10−4
	0.128
	1.06 × 10−4
	0.117



	0.05
	2.4
	1.32 × 10−3
	0.056
	4.21 × 10−5
	0.039





      

      
Notes. Planet mass is quoted in Mth. Values for models with embedded planets serve as upper limits, especially for the last model where the VSI is only present in in the inner disk (see Fig. 9).




    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Surface density deviations and vertical velocity maps at the mid-plane for our disk with an embedded subthermal-mass planet (h = 0.1, Mp = 0.3 Mth) at R = R0 after 500 planetary orbits. While the planet’s primary spiral is prominent in this color range, the VSI continues to operate as shown by the quasi-axisymmetric stripes of vertical motion in the bottom panel.

      

    

  
    
      Fig. 7 
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        Turbulent parameters αacc and presented similar to Fig. 5, where the blue lines instead refer to the corresponding 3D model before the planet is introduced. As with Fig. 5, αacc increases but the overall mixing driven by the VSI is weaker by a factor of 2.

      

    

  
    
      Fig. 8 
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        Two-dimensional heatmaps of relevant quantities similar to Fig. 4, showcasing the planet’s effect on the disk after 500 orbits. The planet carves a deep gap and forms an additional, secondary ring (top) which lead to the formation of two massive vortices (top, bottom). VSI activity is significantly weaker in the outer disk but present in the inner disk (middle). The initial surface density and vortensity profiles are labeled with Σ0 and ϖ0.

      

    

  
    
      Fig. 10 
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        Surface density, vertical velocity and vortensity snapshots for our run with an embedded vortex after 400 orbits at R0. To eliminate the stripes of vortensity deviations (see Fig. 4) and highlight the ϖ minimum about the vortex, we normalize ϖ to its azimuthal median 〈ϖ〉.

      

    

  
    
      Fig. 11 
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        Turbulent αacc and αmix in our vortex runs, similar to Fig. 5. VSI activity is significantly lower near the radial vicinity of the vortex (R≈1.3R0).

      

    

  
    
      Fig. B.1 
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        Growth rates of the VSI as a function of resolution in cells per scale height (cps) in our axisymmetric models. The two shaded bands denote a growth rate of 0.58/orbit and 0.13/orbit for the steep and shallow bands respectively, in agreement with Stoll & Kley (2014).

      

    

  
    
      Fig. C.1 
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        Time evolution of deviations in the midplane density ρmid with respect to its azimuthal average, showing the development of over- and under-dense areas near the inner radial boundary edge. The time shown on each panel refers to the time elapsed since the disk has been expanded to 3D (see Fig. 1), and the planet grows between panels e–g. The nonaxisymmetric features grow over time in panels a–e, but are dampened within a few orbits after the planet is introduced in the domain (panelf). Panel h shows that these features no longer grow in the presence of the embedded planet. Vertical dotted lines mark the end of the wave-damping zone.

      

    

  
    
      Fig. C.2 
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        Time evolution of the deviations in the potential vorticity in the midplane according to Eq. (C.1) with respect to its azimuthal average. The figure is annotated similar to Fig. C.1. In particular, panel a shows that nonaxisymmetric features appear at the inner radial boundary edge at R = 0.4 R0 as well as at the edge of the wave-damping zone at 0.5 R0.
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