
    
      Fig. 1 
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        Schematic picture of the two heating models shown in this paper: MHD heating, and classical heating. The MHD heating model includes the effects where (1) accretion heating occurs at a high altitude, (2) the accretion energy is taken by disk winds, and (3) the accretion rate is reduced by the mass loss of the winds. In the classical heating model, accretion heating occurs at the midplane, and the (2)–(3) wind effects are weak. Both models include irradiation heating.

      

    

  
    
      Table 1 

      Common parameter values.

      
        


	Parameter
	Value





	Radius of the inner boundary, rin
	0.01 au



	Radius of the outer boundary
	104 au



	Viscosity parameter, [image: equation]
	10−4



	Initial disk mass
	0.2 M⋆



	Initial characteristic radius, rc
	100 au



	Slope of initial surface density, p
	−1



	Reference opacity, κ0
	5 cm2 g−1





      

    

  
    
      Table 2 

      Disk models considered in Sect. 3.

      
        


	Name
	Σheat
	ϵrad
	[image: equation]
	fdg





	Fid
	ΣAm
	0.1
	Const.
	0.01



	Vis
	Σ/2
	0.9
	Const.
	N/A



	eps001
	ΣAm
	0.01
	Const.
	0.01



	eps1
	ΣAm
	1.0
	Const.
	0.01



	DG
	ΣAm
	0.1
	Const.
	0.001



	apz-sgm
	ΣAm
	0.1
	Σ-dep
	0.01





      

      
Notes. The column density for the accretion heating, Σheat, was either taken at the midplane (Σ/2) or at the altitude where Am = 0.3 (ΣAm). The model of [image: equation] is either a constant value of 10−3 (const) or depends on Σ (Σ-dep). The dust-to-gas ratio fdg was used only for the ionization fraction calculation, while the Rosseland-mean opacity κ in the temperature calculation is given by Eq. (6).




    

  
    
      Fig. 2 
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        Various snapshots of the radial profiles of the gas surface density (top) and midplane temperature (bottom) for the models Fid (left) and Vis (right).

      

    

  
    
      Fig. 3 
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        Top: space–time distribution of the midplane temperature. The location of the snowline (Tmid = 170 K) is denoted by the thicker solid line. Bottom: space–time distribution of the fourth power of the temperature ratio (Tacc/Tirr)4 between accretion heating and irradiation heating, indicating the contribution of accretion heating to the disk temperature. The dotted white line shows the boundary of the accretion-heated region (i.e., (Tacc/Tirr)4 = 1) in Fid for reference.

      

    

  
    
      Fig. 4 
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        Radial profiles of the heating altitude zheat (dashed; right y-axis) and the column density at that altitude, Σheat (solid; left y-axis), at various times for models Fid (left panel) and Vis (right panel). We set Σheat to zero when Σ is zero.

      

    

  
    
      Fig. 5 
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        Top: radial profiles of the accretion rate (gray) and the cumulative mass-loss rate due to MHD (dashed green) and photoevaporative winds (dashed yellow) at t = 1 Myr after disk formation. The accretion rate solely due to viscous stress is indicated by blue lines. Model Fid is shown in the left panels, and Vis is shown in the right panels. Bottom: Time evolutions of the accretion rate measured at r = rin (= 0.01 au; solid gray) and r = 1 au (dashed gray). The total mass-loss rates by the MHD (dashed green lines) and photoevaporative winds (solid yellow) are also shown.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Distribution of the mass accretion and loss rates as in Fig. 5, but for ϵrad = 1 (eps1; left) and ϵrad = 0.01 (eps001; right).

      

    

  
    
      Fig. 7 
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        Space–time distribution of (Tacc/Tirr)4 as in Fig. 3, but for ϵrad = 1 (eps1; left) and ϵrad = 0.01 (eps001; right).

      

    

  
    
      Fig. 8 
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        Space–time distribution of Tmid (top) and (Tacc/Tirr)4 (bottom) for DG, which considers the effects of dust growth.

      

    

  
    
      Fig. 10 
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        Mass–orbital tracks of protoplanets starting at Mp = 0.01 M⊕ and r = [0.2: 20] au, with early-onset growth (t0 = 0.01 Myr) and vfrag = 10 m s−1, under MHD heating (left) and classical heating (right). The total pebble mass drifting through the snowline at t ≥ t0 is 400 M⊕. The characteristic masses in planetary evolution at t = 0.1 Myr are also shown as gray lines. Planets grow through pebble accretion until they reach the isolation mass (Miso; solid line). When the growth timescale exceeds the migration timescale, migration becomes the dominant process (Mmig; dashed line). Gaps start to open when Mp reaches 2.3Miso (Mgap; dotted line). Planets grow in a runaway manner when the growth timescale again becomes shorter than the migration timescale (MRG; dash-dotted line). The points on each mass-orbital track show the elapsed time for every 0.5 Myr. The gray circles show the distribution of confirmed exoplanets orbiting stars with masses in the range of [0.8, 1.2] M⊙ (NASA Exoplanet Archive 2024). The vertical blue lines show the location of the snowline at t = 0.1 Myr.

      

    

  
    
      Fig. 11 
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        Space–time distribution of ϵrad (top) and (Tacc/Tirr)4 (bottom) as in Fid, but modified to meet the energy balance.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Evolution of the accretion rate in our simulations (solid lines) and the observational relation between the accretion rate and stellar age. The simulated accretion rates are measured at the inner boundary of the simulation domain. The observational [image: equation] relations for 1 M⊙ stars derived by Hartmann et al. 2016 (dotted gray line and shade) and Testi et al. 2022 (dark gray points with bars) are shown. The horizontal bars show the 25th to 75th percentile range of the stellar ages in each star-forming region.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Pebble profiles obtained from a two population dust model (Birnstiel et al. 2012, see Appendix A for assumed disk profiles), in comparison with a prediction of the dust surface density Σd and Stokes number for largest dust grains (black dashed; Eq. (27)). The classical estimate for St using Eq. (B.1) is also shown in the middle panel (gray dotted).

      

    

  
    
      Fig. C.1 
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        Same as Fig. 10 but for different parameter sets: (top) a case with t0 = 0.01 Myr and vfrag = 1 m s−1, and (bottom) a case with t0 = 0.2 Myr and vfrag = 10 m s−1. The total drifting pebble masses at the snowline for the former and later cases are 400 M⊕ and 100 M⊕, respectively.
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