
    
      Table 1 

      Model parameters.

      
        


	Parameter [unit]
	Envelope-only
	Envelope-plus-disk
	Description





	rin [au]
	10
	10
	The inner radius



	rout [au]
	5 × 104
	5 × 104
	The outer radius of the envelope



	ME [M⊙]
	50, 150, 300, 550, 800, 1000 
	50, 150, 300, 550, 800, 1000
	Envelope mass



	RD [au]
	–
	300, 500, 1000, 1500, 2000, 2500
	Disk radius



	MD [M⊙]
	–
	0.27, 0.75, 3., 6.75, 12., 18.75
	Disk mass



	Ṁ [M⊙ yr−1]
	–
	3.3 × 10−4, 9.8 × 10−4, 2.0 × 10−3, 3.6 × 10−3, 5.2 × 10−3, 6.5 × 10−3
	Mass accretion rate



	T⋆ [K]
	40000
	40000
	Protostellar temperature



	M⋆[ M⊙]
	30
	30
	Protostellar mass



	L [L⊙]
	5 × 102, 5 × 103, 104, 5 × 104, 5 × 105, 5 × 106
	5 × 102, 5 × 103, 104, 5 × 104, 5 × 105, 5 × 106
	Bolometric luminosity





      

      
Notes. Parameters of the fiducial model are highlighted with bold face. The disk masses were varied such that [image: equation] (an approximation to the disk surface density) stayed constant, assuming a fiducial disk mass of 3 M⊙. The centrifugal radius was fixed to 500 au (see Eq. (2) in Nazari et al. 2022b for its effect).




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Temperature structure of the fiducial envelope-only and envelope-plus-disk. The top row shows the models with low mm opacity dust (κ1 mm ≃ 0.2 cm2 g−1), and the bottom row shows models with high mm opacity dust (κ1 mm ≃ 18 cm2 g−1). The right column shows a temperature cut for the various models at z = 0 au. The white contours show where the temperature is 68 K (roughly where methanol sublimates from the grains). The black contours show the approximate position of the disk.

      

    

  
    
      Fig. 3 
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        Comparison of the midplane temperature calculated by RADMC-3D for the fiducial envelope-plus-disk model (left; solid orange and green lines), and the same calculated from viscous heating analytically (dashed lines) and found from passive heating from the protostar analytically (solid black line). Green shows dust with small κmm, and orange shows dust with large κmm. Radius at which the analytical midplane temperature from viscous heating equals that from passive heating, plotted against the mass accretion rate for the fiducial model and for the model with high mm opacity dust (right).

      

    

  
    
      Fig. 5 
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        Two-dimensional map of the temperature for the fiducial envelope-plus-disk model, but with the difference that this model has high mm opacity dust and an envelope mass of 800 M⊙ (Ṁ = 5.2 × 10−3M⊙yr−1). The black contour shows the approximate location of the disk. In the inner disk (R ≲ 50–60 au), the midplane temperature is higher than the disk surface and envelope temperature.

      

    

  
    
      Fig. 6 
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        Maximum radius at which the midplane temperature is higher than the surface temperature as a function of mass accretion rate (black) and luminosity (blue). The models shown here are fiducial envelope-plus-disk models with large grains (i.e., high mm opacity dust), where ME (Ṁ) changes for the black line and L changes for the blue line.

      

    

  
    
      Fig. 7 
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        Gas-phase methanol abundance map for the fiducial envelope-only and envelope-plus disk models (top row) and those with high mm opacity dust (bottom row). The black contours show the 68 K lines at which methanol starts to be sublimated from the grains at the densities of these models.

      

    

  
    
      Fig. 8 
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        Warm methanol mass (top row) and integrated line fluxes (bottom row) for various models. The left column presents the models with varying envelope masses but constant luminosity of 104 L⊙ (i.e., varying accretion rates for the envelope-plus-disk models). The right column shows the models with varying bolometric luminosity but constant envelope mass of 300 M⊙ (i.e., constant accretion rate of 2 × 10−3 M⊙ yr−1). The parameters that were fixed for each column are printed in the top row plots. For example, where the envelope mass was varied, the disk radius was fixed to 1000 au, the disk mass was fixed to 3 M⊙, and the luminosity was fixed to 104 L⊙. Orange and green show the models with high and low mm opacity dust. The fiducial models are indicated by a cross. Solid and dashed lines present the envelope-plus-disk and envelope-only models, respectively. The solid gray line in the top right panel shows the analytical relation of warm methanol mass and luminosity, which goes as ∝L3/4 (Van Gelder et al. 2022b). This relation is normalized by an arbitrary value here, hence, only its slope should be compared with the models. The integrated line fluxes were calculated after the lines were continuum subtracted, and a source distance of 4 kpc was assumed.

      

    

  
    
      Fig. 10 
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        Warm methanol mass (left column) and integrated methanol emission (right column) for various disk sizes. The various shades of green and orange are used to indicate variations in luminosity. The luminosity from low to high is indicated by the darkest to lightest color. The models plotted here have luminosities 5 × 102 L⊙, 1 × 104 L⊙ and 5 × 106 L⊙. The dashed lines present fiducial envelope-only models with various luminosities. The solid lines present the fiducial envelope-plus-disk models with various luminosities and disk radii. The shades of orange show models with large dust grains (high mm opacity), and the shades of green show those with small grains (low mm opacity).

      

    

  
    
      Fig. 11 
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        Comparison of models with observations of ALMAGAL sources. The same methanol line is used for the models and observations. Moreover, the integrated fluxes from the observations are normalized to a distance of 4 kpc to match those from the models. The black data points present the observations, where the circles are detections and triangles are upper limits. The empty symbols indicate sources whose L/M from Elia et al. (2017) is above 22.4 L⊙ M⊙−1, proposed to be ‘HII region candidates’. The smooth red and blue regions show the results from the envelope-only and envelope-plus-disk models with low mm opacity dust grains. The striped regions show the same for models with high mm opacity dust. The regions into which the models fall (blue and red) are found by simply connecting the integrated fluxes at the six different luminosities considered in this work in linear space.

      

    

  
    
      Fig. 12 
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        Sketch of the potential HC or UC HII region around a highmass protostar. It is expected that methanol is absent in this region as the gas is atomic and ionized.

      

    

  
    
      Fig. 13 
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        Warm methanol mass (left) and integrated line flux of methanol (right) for envelope-only fiducial models with different luminosities and carved HC or UC HII regions. Green and orange show low and high mm opacity dust models. Dashed lines show when the size of HII region is 1000 au, dashed dotted lines show the same for 5000 au, and the dotted lines show the same for 10 000 au. An HII region of size ~10 000 au is needed for a drop of ≳2 orders of magnitude in methanol emission.

      

    

  
    
      Fig. A.1 
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        Rosseland mean opacity as a function of temperature.

      

    

  
    
      Fig. B.1 
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        Same as Fig. 4, but when the bolometric luminosity is 5 × 105 L⊙ and the vertical temperature cut is made at 30 au.

      

    

  
    
      Fig. B.2 
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        Methanol emission from the fiducial envelope-only and envelope-plus-disk models. The left and middle panels show the emission at the peak of the line viewed edge-on for the two models without dust in these two particular models, so that the methanol emission can be seen without optical depth effects from the dust (dust is included in all other models, unless otherwise stated). The right panel shows the continuum-subtracted line flux at an assumed source distance of 4 kpc when viewed edge-on (solid lines) and face-on (dashed lines).

      

    

  
    
      Fig. B.3 
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        Integrated methanol flux as a function of viewing angle for the fiducial envelope-only and envelope-plus-disk models and for models with high mm opacity dust. The difference in integrated flux is smaller than a factor of 2 when the viewing angle changes.

      

    

  
    
      Fig. B.6 
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        Temperature structure of models with different parameters. The left column presents the envelope-only models, the middle column shows the envelope-plus-disk models, and the right column presents the comparison of a temperature cut at z = 0 au between the two models. The rows from top to bottom show the fiducial model, the model with high mm opacity dust, with a protostellar luminosity of 5 × 103 L⊙, with an envelope mass of 800 M⊙, and finally, the fiducial model with a disk radius of 2000 au.

      

    

  
    
      Fig. B.8 
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        Methanol optical depth as a function of radius at the peak of the line. The dashed and solid lines show the fiducial envelope-only and envelope-plus-disk models, respectively. The emission is optically thick inside the snow surface.

      

    

  
    
      Fig. B.9 
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        Methanol line emission for the fiducial envelope-plus-disk model (solid line) and the same with disk abundances that are two orders of magnitude higher (dashed line).

      

    

  
    
      Fig. B.10 
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        Same as Fig. 13, but dashed lines show the carved region with a size of 50 au, dash-dotted lines show the same for 200 au, and the dotted lines show the same for 500 au.
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