
    
      Fig. 2 
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Depletion of CO with increasing density, as predicted by our L-P collapse models for three values of the dynamical timescale, tdyn, and ac = 0.10 μm, compared with the observational results of Pagani et al. (2007, 2012) for L183. The L-P calculations corresponding to tdyn = tff, where tff is the free-fall time, are shown also for ac = 0.05 μm.


    

  
    
      Fig. 3 
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Results from chemical models. In each row, left panel: temporal evolution during the quasi-static evolution of the core (step 1), and right panel: evolution of the inner core as a function of the central density during the collapse (step 2). The bulk
14N:15N isotopic ratio is [image: equation] = 330. (a) Gas-phase abundances, relative to nH, of the main isotopologs of relevant species. (b) 14N/15N abundance ratios when adopting the TH00 set of fractionation reactions. (c) Same as (b) but with the fractionation reactions from R15.


    

  
    Table 1 

Partition of the elemental abundances in the gas phase and in the grain mantles, as adopted when specifying the initial composition of the gas, prior to its evolution to chemical steady state.



	Element
	Total
	Volatile
	Refractory



	
	
	

	



			Gas
	Mantles(§)





	H
	1.0
	1.0
		


	D
	1.60(–5)



	He
	1.00(–1)
	1.00(–1)
		


	C
	3.55(–4)
	8.27(–5)
	5.55(–5)
	2.17(–4)



	N
	7.94(–5)
	6.39(–5)
	1.55(–5)
	


	15N (†)
	2.41(–7)
	1.94(–7)
	4.70(–8)



	O
	4.42(–4)
	1.24(–4)
	1.78(–4)
	1.40(–4)



	S
	1.86(–5)
	6.00(–7)
	1.82(–5)
	


	Mg
	3.70(–5)
			3.70(–5)



	Si
	3.37(–5)
			3.37(–5)



	Fe
	3.23(–5)
	1.50(–9)
		3.23(–5)






Notes. Numbers in parentheses are powers of 10. Abundances are expressed relative to the hydrogen nuclei density, nH. (§) The initial composition of the mantles can be found in Table 3 of Paper I. (†) The isotopic ratio of bulk nitrogen is the adopted present-day value [image: equation] = 330.





  
    Table 2 

Steady-state abundances and 14N:15N isotopic ratios, as calculated for our reference model (see Sect. 2.3).



	Species
	Abundance (†)
	TH00
	R15





	N
	1.3(–05)
	436
	337



	N2
	2.5(–05)
	309
	327



	NH3
	1.6(–08)
	387
	364



	CN
	8.2(–09)
	402
	335



	NO
	4.7(–07)
	410
	335



	HCN
	4.1(–09)
	345
	343



	N2H+
	9.1(–10)
	288 (1)
	324 (1)



	N2H+
	9.1(–10)
	265 (2)
	317 (2)






Notes. The bulk isotopic ratio 14N:15N is [image: equation] = 330. Numbers in parentheses are powers of 10. (†)Expressed relative to nH. (1) N2 H + /15NNH+. (2) N2 H + /N15NH+.





  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Isotopic ratio (column density) of N2H+ as a functionof the core density (nH) in the course of L-P collapse (step 2), compared with the values observed in pre-stellar cores (see also Table A.1). The abundance ratios N2 H+:N15NH+ and N2 H+:15NNH+ are shown for three values of the enhancement factor, ɛ, of the rate coefficient for dissociative recombination of N15NH+ (see Sect. 4.2.2), viz. ɛ = 1, 2, and 3. Results with rates from both R15 (full curves) and TH00 (dashed) are shown.


    

  
    
      Fig. A.2 
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Same as Fig. A.1 for 13CN(1–0) (left) and C15N(1–0) (right).


    

  
    Table A.2 

Spectroscopic properties of the transitions of the CN(1–0) and (2–1) hyperfine manifolds considered in Appendix A.2.



	δv
	R.I.
	Rest freq.
	Aul
	gu



	(km s−1)
		(MHz)
	(s−1)





	CN(1–0)



	30.439
	1.883E–01
	113 488.120200
	6.736E–06
	4



	22.911
	4.999E–01
	113 490.970200
	1.192E–05
	6



	0.000
	1.486E–01
	113 499.644300
	1.063E–05
	2



	− 24.467
	1.451E–01
	113 508.907400
	5.190E–06
	4



	−54.906
	1.816E–02
	113 520.431500
	1.300E–06
	2



	CN(2–1)



	1.473
	4.454E–01
	226 874.781300
	1.143E–04
	8



	− 15.228
	5.321E–02
	226 887.420200
	2.731E–05
	4



	−21.449
	5.291E–02
	226 892.128000
	1.811E–05
	6






  
    Table B.1 

Adsorption reactions.



	C
	+GRAIN →
	CH4*
	
	


	CH
	+GRAIN →
	CH4*
		


	CH2
	+GRAIN →
	CH4*
		


	CH3
	+GRAIN →
	CH4*
		


	CH4
	+GRAIN →
	CH4*
		


	O
	+GRAIN →
	H2O*
		


	OH
	+GRAIN →
	H2O*
		


	H2O
	+GRAIN →
	H2O*
		


	N
	+GRAIN →
	NH3*
		


	NH
	+GRAIN →
	NH3*
		


	NH2
	+GRAIN →
	NH3*
		


	NH3
	+GRAIN →
	NH3*
		


	S
	+GRAIN →
	H2S*
		


	SH
	+GRAIN →
	H2S*
		


	H2S
	+GRAIN →
	H2S*
		


	CO
	+GRAIN →
	CH3OH*
		


	H2CO
	+GRAIN →
	CH3OH*
		


	CH3OH
	+GRAIN →
	CH3OH*
		


	O2
	+GRAIN →
	O2*
		


	CO2
	+GRAIN →
	CO2*
		


	C2
	+GRAIN →
	CH4*
	CH4*
	


	C2H
	+GRAIN →
	CH4*
	CH4*
	


	C2H2
	+GRAIN →
	CH4*
	CH4*
	


	C3
	+GRAIN →
	CH4*
	CH4*
	CH4*



	C3H
	+GRAIN →
	CH4*
	CH4*
	CH4*



	C3H2
	+GRAIN →
	CH4*
	CH4*
	CH4*



	CN
	+GRAIN →
	CH4*
	NH3*
	


	HCN
	+GRAIN →
	CH4*
	NH3*
	


	HNC
	+GRAIN →
	CH4*
	NH3*
	


	N2
	+GRAIN →
	N2*
		


	NO
	+GRAIN →
	H2O*
	NH3*
	


	CS
	+GRAIN →
	CH4*
	H2S*
	


	SO
	+GRAIN →
	H2O*
	H2S*
	


	SO2
	+GRAIN →
	H2O*
	H2O*
	H2S*



	OCS
	+GRAIN →
	OCS*
		


	Fe
	+GRAIN →
	Fe*
		


	OD
	+GRAIN →
	HDO*
		


	HDO
	+GRAIN →
	HDO*
		


	D2O
	+GRAIN →
	D2O*
		


	ND
	+GRAIN →
	NH2D*
		


	NHD
	+GRAIN →
	NH2D*
		


	ND2
	+GRAIN →
	NHD2*
		


	NH2D
	+GRAIN →
	NH2D*
		


	NHD2
	+GRAIN →
	NHD2*
		


	ND3
	+GRAIN →
	ND3*
		





Notes. The 15N substitutions, which are identical to the 14N reactions, are not shown here. Mantle species are denoted by an asterisk. Grain-surface chemistry in the UGAN network is handled in a simplified way whereby sticking atoms become saturated with hydrogen. This amounts to assuming that the timescale for the formation of saturated molecules in ices is much shorter than the other chemical timescales.





  
    Table B.2 

Direct cosmic-ray desorption reactions.



	


	Reaction
					α (1)
	Eads





	CH4*
	+CRP
	→
	CH4
	GRAIN
	7.000e+01
	1.120e+03



	O2*
	+CRP
	→
	O2
	GRAIN
	7.000e+01
	1.210e+03



	H2O*
	+CRP
	→
	H2O
	GRAIN
	8.000E–01
	8.550e+02



	CO*
	+CRP
	→
	CO
	GRAIN
	7.000e+01
	8.550e+02



	CO2*
	+CRP
	→
	CO2
	GRAIN
	7.000e+01
	2.690e+03



	N*
	+CRP
	→
	N
	GRAIN
	7.000e+01
	8.000e+02



	NH3*
	+CRP
	→
	NH3
	GRAIN
	2.360e+00
	8.550e+02



	N2*
	+CRP
	→
	N2
	GRAIN
	7.000e+01
	7.900e+02



	CH3OH*
	+CRP
	→
	CH3OH
	GRAIN
	7.000e+01
	4.240e+03



	H2CO*
	+CRP
	→
	H2CO
	GRAIN
	7.000e+01
	1.760e+03



	HCO2H*
	+CRP
	→
	HCO2H
	GRAIN
	7.000e+01
	1.500e+03



	OCS*
	+CRP
	→
	OCS
	GRAIN
	7.000e+01
	3.000e+03



	H2S*
	+CRP
	→
	H2S
	GRAIN
	7.000e+01
	1.800e+03



	Fe*
	+CRP
	→
	Fe
	GRAIN
	7.000e+01
	2.400e+03



	HDO*
	+CRP
	→
	HDO
	GRAIN
	8.000E–01
	8.550e+02



	D2O*
	+CRP
	→
	D2O
	GRAIN
	8.000E–01
	8.550e+02



	NH2D*
	+CRP
	→
	NH2D
	GRAIN
	2.360e+00
	8.550e+02



	NHD2*
	+CRP
	→
	NHD2
	GRAIN
	2.360e+00
	8.550e+02



	ND3*
	+CRP
	→
	ND3
	GRAIN
	2.360e+00
	8.550e+02






Notes. The 15N substitutions, which are identical to the 14N reactions, are not shown here. CRP stands for cosmic-ray particle. Mantle species are denoted by an asterisk.
(1) The rate is computed as in Flower et al. (2005; see their Sect. 3.3) and Faure et al. (2019) (Eq. (7)), where the yield (noted
γ in Flower et al. 2005) is given by [image: equation], and the binding energy is Eads. The binding energies of the 14N and
15N variants of adsorbed species have equal values. The same desorption reactions, but by secondary photons (photodesorption), are also taken into accountin UGAN.





  
    Table B.3 

Fractionation reactions of TH00 (top) and R15 (bottom).



	Reaction
	α
	β
	γ
	Comment



		( cm3 s−1)
		(K)





	15NN + N2H+ → N2 + N15NH+
	1.00E–09
	0.00E+00
	0.00E+00



	N2 + N15NH+ → 15NN + N2H+
	2.00E–09
	0.00E+00
	1.07E+01



	15NN + N2H+ → N2 + 15NNH+
	1.00E–09
	0.00E+00
	0.00E+00



	N2 + 15NNH+ → 15NN + N2H+
	2.00E–09
	0.00E+00
	2.25E+00



	15N+ + N2 → N+ + 15NN
	1.00E–09
	0.00E+00
	0.00E+00



	N+ + 15NN → 15N+ + N2
	5.00E–10
	0.00E+00
	2.83E+01



	15N+ + NO → N+ + 15NO
	1.00E–09
	0.00E+00
	0.00E+00



	N+ + 15NO → 15N+ + NO
	1.00E–09
	0.00E+00
	2.43E+01



	15N + N2H+ → 15NNH+ + N
	1.00E–09
	0.00E+00
	0.00E+00



	N + 15NNH+ → 15N + N2H+
	1.00E–09
	0.00E+00
	3.61E+01



	15N + N2H+ → N15NH+ + N
	1.00E–09
	0.00E+00
	0.00E+00



	N + N15NH+ → 15N + N2H+
	1.00E–09
	0.00E+00
	2.77E+01



	15N + HCNH+ → N + HC15NH+
	1.00E–09
	0.00E+00
	0.00E+00



	N + HC15NH+ → 15N + HCNH+
	1.00E–09
	0.00E+00
	3.59E+01



	15N + H2NC+ → N + H2 15NC+
	1.00E–09
	0.00E+00
	0.00E+00
	(1)



	N + H2 15NC+ → 15N + H2NC+
	1.00E–09
	0.00E+00
	3.59E+01
	(1)



	




	15NN + N2H+ → N2 + N15NH+
	2.30E–10
	0.00E+00
	0.00E+00



	N2 + N15NH+ → 15NN + N2H+
	4.60E–10
	0.00E+00
	1.03E+01



	15NN + N2H+ → N2 + 15NNH+
	2.30E–10
	0.00E+00
	0.00E+00



	N2 + 15NNH+ → 15NN + N2H+
	4.60E–10
	0.00E+00
	2.10E+00



	15NN + 15NNH+ → 15NN + N15NH+
	4.60E–10
	0.00E+00
	0.00E+00



	15NN + N15NH+ → 15NN + 15NNH+
	4.60E–10
	0.00E+00
	8.10E+00



	15N+ + N2 → N+ + 15NN
	4.80E–10
	0.00E+00
	0.00E+00



	N+ + 15NN → 15N+ + N2
	2.40E–10
	0.00E+00
	2.83E+01



	15N + CN → N + C15N
	0.00E–10
	1.667E–01
	0.00E+00
	(2)



	N + C15N → 15N + CN
	0.00E–10
	1.667E–01
	2.29E+01
	(2)



	15N + C2N+ → N + C215N+
	3.80E–12
	-1.00E+00
	0.00E+00



	 
	 
	 
	 
	 



	N + C215N+ → 15N + C2N+
	3.80E–12
	-1.00E+00
	3.81E+01






Notes. The rate is computed as in Eq. (3. (1) Added for consistency with the UGAN network. (2) Our fiducial network does not take into account the possibility that CN + N could lead to isotopic exchange (see also Wirström & Charnley 2018).





  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
Effects on isotopic ratios of differing branching ratios, 1.5 and 0.69, respectively, for the reactions of 14N14N and 14N15N with He+ (Sect. 4.2.3). Results with different branching ratio (full curves) are compared to those obtained with both branching ratios equal to 1.5 (dashed curves). The R15 set of fractionation reactions was used in these calculations.


    

  
    
      Fig. D.2 

      
        [image: thumbnail]
      

      
Influence of the higher rate of photodissociation of 15NN on the relative abundances of N- and 15N-containing species in the course of L-P collapse: using the fractionation reactions of TH00 (panel a), and R15 (panel b). Results with the enhanced rate are shown with full curves, while those using the default rate are in dashed.
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