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Gas surface density maps (g cm-2, log units) in the fiducial model shown at nine times since the formation of the central protostar. Only the inner 600 × 600 au2 box is shown. The total computational region extends to 14 000 au in the r-direction. The contour lines in the top-left panel outline the regions where the Toomre Q-parameter is less than unity and the red arrows point to the identified fragments in the disk. Fragment IF1 is marked by the yellow arrows in the middle row of panels; its dynamics is considered in detail in Sect. 4.
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Gas surface density distributions in the fiducial model at several time instances focusing on the inward migration of IF1. The time is counted from t0 = 153.5 kyr. The position of IF1 is marked with the yellow arrows, while the positions of OF1, OF2, and OF3 are marked with the red arrows. The yellow contour lines outline disk regions with the Toomre Q-parameter smaller than unity, while the black contour lines show the disk regions satisfying both the Toomre and Gammie criteria for disk fragmentation. The disk rotates counter clockwise.
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Spatial maps of the absolute torque exerted on IF1 by the rest of the disk. The times are similar to those shown in Fig. 3. The disk rotates counterclockwise. The red arrows point to IF1. Partsof the disk characterized by the positive and negative torque are marked with the “+” and “-” signs, respectively, and the black dashed line separates these parts. The color bar shows the torque values in log dyne cm. The red contour line highlights the disk regions where the torque exceeds 1038 dyne cm.
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Top panel: torque exerted on IF1 from OF1 (the green line), OF2 (the red line), and OF3 (the blue line) vs. time. Bottom panel: torque exerted on IF1 by OF1, OF2, and OF3 taken together (the black line), by the entire disk (the red line), and by the entire disk, but excluding the torque from the fragments (the blue line) vs. time. We note the difference in scales.
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Zoomed-in view on IF1 during its inward migration toward the protostar. The black arrows show the gas velocity field superimposed on the gas surface density distribution. The shrinking spatial scales are used to better resolve thefragment. The yellow circles mark the Hill radius of the fragment and the red curves outline the fragment shape as determined by the fragment-tracking method. The color bar shows the gas surface density in log g cm−2.
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Massaccretion rate through the sink cell (the green line), radial distance of IF1 from the star (the red line), and mass of IF1 (the blue line) as a function of time.
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Time evolution of [image: equation] (the blue line) and [image: equation] (the red line) illustrating the rate of change of the IF1 mass and specific angular momentum during its migration toward the protostar. The horizontal dashed line marks the zero line for convenience.
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Mass of IF1 (top panel), radial distance of IF1 (middle panel), and central temperature of IF1 (bottom panel), all vs. time. The horizontal dashed line shows a threshold temperature of 2000 K, above which molecular hydrogen dissociates and the second collapse is supposed to ensure. The vertical dashed line shows the time instance when the central temperature of IF1 reaches the threshold value. The red circles indicate time instances at which the mass growth rate of IF1 is calculated: (1) 6.6 × 10−3 MJup yr−1, (2) 1.45× 10−2 MJup yr−1, (3) − 1.8 × 10−2 MJup yr−1, and (4) − 3.3 × 10−2 MJup yr−1.
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Top panel: azimuthally averaged surface density and angular velocity profiles of IF1 as a function of the radial distance from the center of the fragment. Bottom panel: the centrifugal radius and the enclosed mass of IF1 as a function of the radial distance from the center of the fragment. The horizontal dashed line marks the radius of the second hydrostatic core Rs.core = 5RJup. The vertical dashed line separates the inner and outer parts of IF1 that form a protoplanetary core and disk plus envelope, respectively, during the second collapse caused by H2 dissociation.
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Radial distance (top panel), mass (middle panel), and central temperature (bottom panel) of fragment IF1 vs. time in the fiducial model (blue curves), IOB model (red curves), and SM model (green curves). The green circles indicate time instances at which the mass growth rate of IF1 is calculated: (1) 4.0 × 10−3 MJup yr−1, (2) 4.8 × 10−3 MJup yr−1, (3) − 3.5 × 10−3 MJup yr−1, and (4) − 2.6 × 10−3 MJup yr−1.
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Top panel: torques exerted on IF1 by the entire disk (the red solid line) and by the central star (the blue solid line). Bottom panel: the truncated disk and stellar torques exerted on IF1 and calculated using only the material lying in the inner 145 au of the disk.
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Gas surface density distributions in the SM model at several time instances focusing on IF1. The direction of the gravity force F* acting on IF1 from the star is marked with the red arrow. The direction of the lever arm r* used for the calculation of the torque acting from the star on IF1 is marked with the green arrows. The curved yellow arrows show the angle γ* between r* and F*. The disk rotates counter clockwise. The scale bar is in log g cm−2.


    

  
    
      Fig. 16 
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Gas surface density distributions in the SM model at several time instances focusing on the close encounter between IF1 and OF4, resulting in the ejection of the latter fragment. IF1 and OF4 are indicated with the yellow and red arrows, respectively. The disk rotates counter clockwise.


    

  
    
      Fig. 17 
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Radial distances of IF1 and OF4 from the star (the red and blue lines, respectively, together with protostellar accretion rate (the black line), as a function of time in model SM.
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