
    
      Table 2 

      Initial abundances for dominant molecules in our protostellar envelope models and their binding energies.

      
        


	Species j
	nj,gas /nH
	nj,ice/nH
	Edes(j) (K)





	H
	3.807 × 10−5
	4.458 × 10−17
	650(a)



	H2
	4.997 × 10−1
	4.140 × 10−5
	430(b)



	H2O
	7.080 × 10−7
	1.984 × 10−4
	4880(c)



	O
	0.0
	2.073 × 10−13
	1660(d)



	O2
	0.0
	4.035 × 10−12
	898(e)



	OH
	5.164 × 10−8
	6.019 × 10−14
	3210(d)



	C
	2.571 × 10−8
	1.310 × 10−16
	715(f)



	CO
	7.532 × 10−5
	2.946 × 10−5
	855(g)



	CO2
	7.487 × 10−7
	2.856 × 10−7
	2267(e)



	HCO+
	3.553 × 10−9
	–
	–



	CH4
	1.120 × 10−6
	7.384 × 10−6
	1252(h)



	CH3OH
	3.558 × 10−9
	6.027 × 10−7
	3820(i)



	H2CO
	1.108 × 10−7
	8.437 × 10−6
	3260(e)



	C2H
	1.776 × 10−10
	5.537 × 10−17
	1330(f)



	C2H2
	7.440 × 10−8
	3.291 × 10−10
	2090(i)



	N
	2.105 × 10−5
	5.531 × 10−14
	715(f)



	N2
	9.765 × 10−6
	5.411 × 10−6
	790(g)



	NH3
	2.933 × 10−7
	1.327 × 10−5
	2715(i)



	CN
	3.016 × 10−9
	1.406 × 10−15
	1355(f)



	HCN
	7.718 × 10−8
	2.772 × 10−6
	3610(f)




      

      

References. (a) Al-Halabi & van Dishoeck (2007); (b) Acharyya (2014); (c) Dulieu et al. (2013); (d) He et al. (2014), He & Vidali (2014); (e)Noble et al. (2012); (f)average between Hasegawa & Herbst (1993) and Aikawa et al. (1996) values; (g) Öberg et al. (2005); (h) Smith et al. (2016); (i) estimated from Collings et al. (2004).




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Radial profiles of water gas fractional abundances with respect to total hydrogen nuclei densities
[image: equation]/nH
for the whole envelopes on a log scale (top panels) and the inner regions only (r < 200 au) on a linear scale (bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models. The double-dashed double-dotted lines, the dashed double-dotted lines, the double-dashed dotted lines, the dash-dotted lines, the dotted lines, the dashed lines, and the solid lines show the radial
[image: equation]/nH
profiles for values of central star X-ray luminosities LX = 0,
1027, 1028, 1029, 1030, 1031, and 1032 erg s−1, respectively. The line color gradually changes from green to yellow, orange, red, and brown as the value of
LX increases. In Figs. 5–7, C.1, C.2, D.1, E.1, H.1, and H.2, we adopt the same line types and color patterns of the calculated radial fractional abundance profiles of gas-phase molecules for different values of
LX.

      

    

  
    
      Fig. 5 
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        Radial profiles of the gaseous fractional abundances of molecular oxygen
[image: equation]/nH
(top panels) and atomic oxygen nO/nH
(bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models.

      

    

  
    
      Fig. 7 
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        Radial profiles of methanol gas and ice fractional abundances [image: equation]/nH
(top panels) and [image: equation]/nH
(bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models.

      

    

  
    
      Fig. 10 
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        Comparison of our model and observation-based radial profiles for H2O and O2 gas fractional abundances in the IRAS 4A envelopes. Left panel: gray-scale plots (from white to black) are the radial profiles of water gas fractional abundances
[image: equation]/nH
in the NGC 1333-IRAS 4A envelope model, which are the same as the color plots in the top right panel of Fig. 3. The red solid line shows the observational best-fit
[image: equation]/nH
profile in the IRAS 4A envelope, obtained from van Dishoeck et al. (2021). This profile is based on analysis of
Herschel/HIFI spectra which mainly trace the cold outer part (Mottram et al. 2013; Schmalzl et al. 2014), with the modification of the inner (Tgas > 100 K) water gasabundance from >10−4
to 3 × 10−6
(Persson et al. 2016). Right panel: Gray-scale plots (from white to black) are the radial profiles of molecular oxygen gas fractional abundances [image: equation]/nH
in the NGC 1333-IRAS 4A envelope model, which are the same as the color plots in the top right panel of Fig. 5. The model abundance profiles obtained in Yıldız et al. (2013) are over-plotted. The red solid line shows the drop gaseous O2 abundance profile by using the C18O modeling (Yıldız et al. 2012) and assuming O2
follows the same freeze-out and sublimation processes as C18O. The blue dashed and the green dotted lines show the gaseous O2
abundance profiles via their gas-grain modeling with tpre = 8 × 105 yr and tpre = 106 yr, respectively. The purple arrows are to indicate that Yıldız et al. (2013) only obtained the upper limit O2 gas abundance for this object.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Radial profiles of gaseous fractional abundances of H2O, O2, and OH, andicy fractional abundances of H2O in the NGC 1333-IRAS 4A envelope models. The light green solid lines, the cyan double-dashed dotted lines, and the blue dotted lines show the radial profiles of our standard model calculations, for values of central star X-ray luminosities LX =1028, 1030, and 1032 erg s−1, respectively (see also Figs. 3, 4, 5, 6). The yellow dashed double-dotted lines, the scarlet dashed dotted lines, and the brown dashed lines show the radial profiles of our additional model calculations for
LX = 1028, 1030, and 1032 erg s−1, respectively. In the additional model calculations, we include the photodesorption by UV photons generated internally via the interaction of secondary electrons produced by X-rays with H2 molecules (the secondary (indirect) X-ray-induced photodesorption, see Figs. G.1and G.2), and we also switch off the direct X-ray-induced photodesorption (see also Fig. G.3). In the top left panel, the observational best-fit H2O gas abundance profile obtained in van Dishoeck et al. (2021) is overplotted with the black solid line (see also Fig. 10). In the bottom left panel, the three model O2 gas abundance profiles obtained in Yıldız et al. (2013) are overplotted (see also Fig. 10).

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Radial profiles of gaseous fractional abundances of H2O, O2, O, and OH in NGC 1333-IRAS 4A envelope models. The yellow solid lines and scarlet dash-dotted lines show the radial profiles of our standard model calculations for values of central star X-ray luminosities LX = 1028 and 1032 erg s−1, respectively (see also Figs. 3, 5, and 6). The orange dashed double-dotted lines and red dotted lines show those of our test calculations assuming that the product of H2O photodissociation is 100% atomic oxygen, unlike our standard model (100% OH) (see also Fig. H.1). The orange double-dashed dotted lines and brown dashed lines show those of our test calculations assuming the smaller Edes (j) for atomic oxygen (=800 K) than that in our fiducial model (=1660 K) (see also Fig. H.2). In the top left panel, the observational best-fit H2O gas abundance profile obtained in van Dishoeck et al. (2021) is overplotted with the black solid line (see also Fig. 10). In the top right panel the three model O2 gas abundance profiles obtained in Yıldız et al. (2013) are overplotted (see also Fig. 10).

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Radial profiles of gaseous fractional abundances of H2O, O2, O, OH, HCO+, and CH3OH in the NGC 1333-IRAS 4A envelope models, with X-ray luminosities between LX =  1030 and 1031 erg s−1. The line color gradually changes from yellow to orange, red, and brown as the value of LX increases. In the top left panel, the observational best-fit H2O gas abundance profile obtained in van Dishoeck et al. (2021) is overplotted; in the top right panel, the three model O2 gas abundance profiles obtained in Yıldız et al. (2013) are overplotted (see Fig. 10).

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Radial profiles of CO2
gas and ice fractional abundances [image: equation]/nH
(top panels) and [image: equation]/nH
(bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models.

      

    

  
    
      Fig. C.2 

      
        [image: thumbnail]
      

      
        Radial profiles of CO gas and ice fractional abundances nCO/nH (top panels) and nCO,ice/nH (bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models.

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Radial profiles of gaseous fractional abundances of CH4
[image: equation]/nH
(top panels),HCN nHCN/nH
(middle panels), and C2H
[image: equation]/nH
(bottom panels) in NGC 1333-IRAS 2A (left) and NGC 1333-IRAS 4A (right) envelope models.

      

    

  
    
      Fig. G.3 

      
        [image: thumbnail]
      

      
        Radial profiles of gaseous fractional abundances of O, HCO+, and CH3OH, and icy fractional abundances of CH3OH in the NGC 1333-IRAS 4A envelope models. The profiles are the same as in Fig. G.2, except in the additional model calculations the direct X-ray-induced photodesorption is switched off and only the secondary (indirect) X-ray-induced photodesorption is included (see also Fig. 11).
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