
    
      Table 1 

      Observed transitions.

      
        


	Transition
	Frequency(†)
	Eu
	ncrit(H2)(*)



	
	(MHz)
	(K)
	(cm−3)





	oH2D+(110 −111)
	372421.3558(a)
	104.3
	1.3 × 105



	N2H+(4 − 3)
	372672.4518(b)
	44.7
	3.2 × 106



	DCO+(5 − 4)
	360169.7783(c)
	51.9
	3.3 × 106





      

      
Notes. (†)The frequencies are adopted from (a)Jusko et al. (2017); (b)Pagani et al. (2009a); (c)Lattanzi et al. (2007). (*)At 10 K according to Eq. (4) of Shirley (2015), using the collision rate coefficients computed by Hugo et al. (2009), Schöier et al. (2005), and Denis-Alpizar et al. (2020).




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        oH2D+ (110 − In), N2H+ (4 − 3), and DCO+ (5 − 4) spectra towards the density peak of the core. The red bars indicate the hyperfine structure components of the line.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Integrated oH2D+ (110 − N2H+ (4 − 3), and DCO+ (5 − 4) line intensity maps of H-MM1. The contours are: 0.10 to 0.25 by 0.03 K km s−1 (oH2D+); 0.06 to 0.14 by 0.02 K km s−1 (N2H+ ); and 0.05 to 0.11 by 0.02 K km s−1 (DCO+). The intensity scale is [image: equation].

      

    

  
    
      Table 2 

      Parameters of lines observed towards the core centre.

      
        


	Line
	∫ TMB dV
	TMB,peak
	VLSR
	∆V
	Tex
	τ
	N



	
	(K km s−1)
	(K)
	(km s−1)
	(km s−1)
	(K)
	
	(1013 cm−2)





	oH2D+(1ıo −111)
	0.308 (0.012)
	0.718 (0.041)
	4.152 (0.006)
	0.359 (0.016)
	7.1 (0.4)
	0.62 (0.15)
	1.1 (0.3)



	N2H+ (4 − 3)
	0.189 (0.013)
	0.609 (0.047)
	4.127 (0.007)
	0.198 (0.019)
	6.3 (0.5)
	0.97 (0.41)
	0.8 (0.6)



	DCO+(5 − 4)
	0.117 (0.006)
	0.499 (0.021)
	4.355 (0.003)
	0.205 (0.008)
	5.8 (0.3)
	0.78 (0.20)
	2.7 (1.3)





      

      
Notes. Error estimates based on the RMS noise of the spectra are shown in brackets.




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        H2 column density map of H-MM1 derived by combining the 8 µm surface brightness map observed with Spitzer with SPIRE HiRes far-infrared maps. The angular resolution is 6″ in the central parts of the map, and 15″ on the outskirts. The effective beam sizes are shown in the bottom-right corner. The box shows the region covered by the molecular line maps.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Predictions for the fractional oH2D+, N2H+, and DCO+ abundances as functions of the cosmic-ray ionisation rate, [image: equation] (a) time, (b), and gas density (c) according to our chemistry model. The first two (a and b) represent the column density ratios N(mol)/N(H2) through the centre of the core. In panels a and c, the simulation time is 5 × 105 yr. In panels b and c, [image: equation]. The dashed lines in panels a and b show the fractional abundances estimated via the LTE method in Sect. 3. In panel c, higher densities are on the left to be consistent with Fig. 6.

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Chi-square maps from comparison between the observed and simulated oH2D+ integrated intensity maps described in Sect. 6. The y-axis in the plots is the logarithm of the cosmic-ray ionisation rate, [image: equation], and the x-axis is logarithm of time. The χ2 values are also presented on a logarithmic scale: a darker shade means a better fit. The plot on the left (a) represents simulations with the grain radius a = 0.1 µm and low elemental abundances of O, C, and N, assumed in several previous models of H-MM1, and that in the middle (b) simulations with some 40%–60% higher elemental O, C, and N abundances. The chi-square map on the right (c), is from a simulation with the grain radius a = 0.3 µm and low O, C, and N abundances (see Sect. 5).

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Observed (left) and modelled (right) integrated intensity maps of H-MM1 in oH2D+ (110 − 111) (top), N2H+ (4 − 3) (middle), and DCO+ (5 − 4) (bottom). The model assumes a cosmic-ray ionisation rate per H2 molecule of [image: equation]. The simulation time is 6.3 × 105 yr. The oH2D+ map is as predicted by the model, whereas the modelled abundances of N2H+ and DCO+ are multiplied by 4.8 and 4, respectively, to reproduce the observed intensity levels. The intensity scale is [image: equation]. The colour scales and the contours are the same as in Fig. 3. The squares indicate positions from which the spectra shown in Fig. C.2 are extracted.

      

    

  
    
      Fig. C.2 

      
        [image: thumbnail]
      

      
        Observed and modelled oH2D+(110 − 111) (left), N2H+(4 − 3) (middle), and DCO+(5 − 4) (right) spectra towards selected positions in H-MM1. The positions are indicated with square markers on the maps in Fig. C.1. The model spectra are shown in red. The offsets are with respect to the column density peak of the core. The model is the same as in Fig. C.1, and the scaling factors of the N2H+ and DCO+ abundances are also the same. The intensity scale is [image: equation].

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Integrated oH2D+(110 − 111) N2H+(4 − 3), and DCO+(5 − 4) maps from a model where the grain radius is assumed to be a = 0.3 µm. This model approximately reproduces the observed oH2D+ and N2H+ line intensities but underpredicts the DCO+ intensity. In the core model shown in the figure, the fractional DCO+ abundance is multiplied by 4. The simulation times are shown in the titles of the images.

      

    

  
    
      Fig. E.1 

      
        [image: thumbnail]
      

      
        Integrated CH3OH(2k − 1k) line intensity contours superimposed on the oH2D+(110 −111) N2H+(4 − 3), and DCO+(5 − 4) maps of H-MM1. The contour levels are 2, 3, and 4 K km s−1 (on the TB scale). The methanol observations at 96.7 GHz are from ALMA and have an angular resolution of 4″. The colour scales of the pixel images are the same as in Fig. 3. The APEX and ALMA beams are shown in the bottom right.

      

    

  
    
      Fig. F.1 

      
        [image: thumbnail]
      

      
        Fractionation ratios DCO+/HCO+ and N2D+/N2H+ as functions of [image: equation] (left) and time (right) according to our chemistry model. The upper row (a and b) corresponds to a model with the grain radius a = 0.1 µm, whereas the simulation used for the bottom row (c and d) assumes a = 0.3 µm. The cyan curve shows the prediction from a steady-state formula derived for a chemical network that includes multiply deuterated forms (see Sect. 7). The dashed red curve shows the ratio [image: equation].
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