
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Perturbation of the planet-induced gas flow on the radial velocity of dust and the dust surface density. We set m = 0.1, ℳhw = 0.03, St = 10−3, and αdiff = 10−4. Top: gas flow structure at the meridian plane. The color contour represents the gas velocity in the x-direction averaged in the y-direction within the calculation domain of hydrodynamical simulation, 〈vx,g〉y. The vertical dotted lines represent the x-coordinates of the edges of the outflow region, [image: equation]. Middle: perturbed radial drift velocity of dust. The horizontal dashed line represents vdrift. Bottom: time evolution of the dust surface density. The gray dashed line corresponds to the steady-state dust surface density. The circle and triangle symbols denote the location of the numerically calculated edges of the dust gap and ring.

      

    

  
    
      Fig. 5 
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        Time evolution of Σd(t) in the two-dimensional plane. We set m = 0.1, ℳhw = 0.03, St = 10−3, and αdiff = 10−5. These images were generated based on the results of 1D calculations assuming an axisymmetric dust distribution, neglecting disk curvature. The axes are normalized by the planet location, rp, calculated by X = Y = (r − rp)/hp, where r is the radial coordinate centered at the star and hp is the disk aspect ratio at r = rp. We set hp = 0.05.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Dependence of Σd(t) on the planetary mass. We set ℳhw = 0.03, St = 10−3, and αdiff = 10−5. The vertical dotted lines correspond to |x| = 4/3 (the x-coordinate of the edge of the outflow region for m ≳ 0.3; Eq. (12)). The small panels above the upper left corners of panels a-c are the zoomed-in views for m = 0.03, 0.05, and 0.07.

      

    

  
    
      Fig. 10 
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        Summary of the parameter dependence of Σd(t). We set ℳhw = 0.03 and t = 105. We varied the planetary mass, the Stokes number, and the turbulent parameter.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Contour plot of the dust gap depth as a function of the planetary mass and the Stokes number. We set ℳhw = 0.03 and t = 105. We varied the turbulent parameter in each panel, αdiff = 10–4 (panel a) and αdiff = 10–5 (panel b).

      

    

  
    
      Fig. 12 
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        Time evolution of the dust gap width for different planetary masses. We fixed the Stokes number St = 10–3 and the Mach number ℳhw = 0.03, and set αdiff = 10–4 in panel a and αdiff = 10–5 in panel b. The solid lines with the circle symbols and the dashed lines are the numerically calculated and the semi-analytic dust gap widths, respectively (Eq. (26); Sect. 4.4). We note that in panels a and b, the numerically calculated dust gap width for m = 0.03 is not shown because we obtained [image: equation].

      

    

  
    
      Fig. 13 
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        Time evolution of the dust gap depth for different planetary masses. We fixed the Stokes number St = 10–3 and the Mach number ℳhw = 0.03, and set αdiff = 10–4 in panel a and αdiff = 10–5 in panel b. The solid lines with the circle symbols and the dashed lines are the numerically calculated and the semi-analytic dust gap depths, respectively (Eq. (28); Sect. 4.4).

      

    

  
    
      Fig. 14 
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        Dust gap depth as a function of planetary mass at t = 106. We fixed the Stokes number St = 10–3 and set αdiff = 10–4 in panel a and αdiff = 10–5 in panel b. The solid lines with the circle symbols and the dashed lines are the numerically calculated and the semi-analytic dust gap depths, respectively (Eq. (28); Sect. 4.4).

      

    

  
    
      Fig. 15 
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        Time evolution of the dust ring width for different planetary masses. The assumed parameters (ℳhw, St, and αdiff) are shown at the top of each panel. The solid lines with the circle symbols and the dashed lines are the numerically calculated and the semi-analytic dust ring widths, respectively (Eq. (33); Sect. 4.4).

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Same as Fig. 14, but for St = 10–2.

      

    

  
    
      Fig. 20 
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        Dust ring width as a function of the ring location. We set ℳhw = 0.03 and αdiff = 10−4. The dashed and dotted lines are given by Eq. (33) with St = 10−3 and 10−4, where we converted the units of [image: equation] from H to au using Eq. (A.3). The blue and orange solid lines denote H and 5 H, respectively. We hatched the region where the time required for ring formation exceeds 3 Myr for the assumed dimensionless time, t. The observational data with pink and purple markers are from Bae et al. (2023) and Huang et al. (2018) (DSHARP sample), respectively.

      

    

  
    
      Fig. A.3 
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        Global minimum of the dust surface density as a function of the planetary mass. We fixed the Stokes number St = 10−3. We set αdiff = 10−4 in panel a and αdiff = 10−5 in panel b. Different symbols correspond to different Mach numbers. The red solid line is the fitting formula for the numerical results of ℳhw = 0.03 (Eq. B.4). The gray thin lines show the uncertainties of Eq. (B.4).

      

    

  
    
      Fig. A.4 
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        Steady-state dust gap depth as a function of the planetary mass. We fixed the Stokes number St = 10−3. We set αdiff = 10−4 in panel a and αdiff = 10−5 in panel b. Different symbols correspond to different Mach numbers. The red solid line is the fitting formula for the numerical results of ℳhw = 0.03 (Eq. B.9). The gray thin lines show the uncertainties of Eq. (B.9).

      

    

  
    
      Fig. A.5 
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        Steady-state dust ring width as a function of the turbulent parameter. The numerical results for different planetary masses were averaged and plotted with the circle symbols. The solid and dashed lines are given by Eq. (B.12). The shaded regions show the uncertainties.
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