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Observed line ratios are combinations of: 
a)  Elemental	abundance	ra>os	set	by	BB	and	local	history	

of	nucleosynthesis	(star	forma>on)	
b)  Frac>ona>on	processes	
c)  Excita>on	and	radia>ve	transfer	effects	(data	

interpreta>on)	
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Solar	System		 local	ISM		
D	/	H		 2.00×10-5	(1)		 1.6×10-5	(4)	

12C	/	13C		 89.4	(1)		 69	±	6	(4)		
14N	/	15N	 441	±	6	(3)		 388	±	32	(4)	

16O	/	18O	 499	(1)		 557	±	30	(4)		

18O	/	17O		 5.3	(1)		 3.6	±	0.2	(4)		

32S	/	34S	 22.5	(2)		 24	±	5	(5)	

34S	/	33S		 5.6	(2)	 6.3	±	1.0	(5)		
28Si	/	29Si		 19.7	(2)		

29Si	/	30Si		 1.5	(2)		 1.5	(4)		

Elemental abundances 

(1)  Asplund	et	al.	2009,	ARA&A,	47,	481	
(2)  Lodders,	2003,	ApJ	591,	1220,		
(3)  Marty	et	al.	2011,	Science	332,	1533	
(4)  Wilson,	1999	Rep.	Progress	Phys.	62,	143		
(5)  Chin	et	al,	1996,	A&A	305,	960	
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Elemental abundances 
•  D formed only in Big 

Bang 
Nucleosynthesis 

•  D burned to 4He in 
stars and brown 
dwarfs  

Ø  D/H decrease with 
stellar processing 
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Elemental abundances 
•  12C formed from He 

in triple-α process 
(primary) 

•  13C formed in CNO 
cycle (>1MSun stars) 

Ø  12C/13C decrease 
with secondary 
stellar processing 
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Elemental abundances 

Milam et al. (2005) 

(1)  Asplund	et	al.	2009,	ARA&A,	47,	481	
(2)  Lodders,	2003,	ApJ	591,	1220,		
(3)  Marty	et	al.	2011,	Science	332,	1533	
(4)  Wilson,	1999	Rep.	Progress	Phys.	62,	143		
(5)  Chin	et	al,	1996,	A&A	305,	960	
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Elemental abundances 
14N(1H,γ)15O 

•  14N builds up in the 
cold CNO cycle  

•  15N build up from 15O 
in the hot CNO cycle 

Ø  14N/15N should 
decrease with 
massive stellar 
processing  
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Elemental abundances 

Adande & Ziurus (2012) 

(1)  Asplund	et	al.	2009,	ARA&A,	47,	481	
(2)  Lodders,	2003,	ApJ	591,	1220,		
(3)  Marty	et	al.	2011,	Science	332,	1533	
(4)  Wilson,	1999	Rep.	Progress	Phys.	62,	143		
(5)  Chin	et	al,	1996,	A&A	305,	960	
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Elemental abundances 

Ne and O burning (SNe)   
e.g. Henkel, Podio 

 (1)  Asplund	et	al.	2009,	ARA&A,	47,	481	
(2)  Lodders,	2003,	ApJ	591,	1220,		
(3)  Marty	et	al.	2011,	Science	332,	1533	
(4)  Wilson,	1999	Rep.	Progress	Phys.	62,	143		
(5)  Chin	et	al,	1996,	A&A	305,	960	
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Observed line ratios are combinations of: 
a)  Elemental	abundance	ra>os	set	by	BB	and	local	history	

of	nucleosynthesis	(star	forma>on)	
b)  Frac>ona>on	processes	
c)  Excita>on	and	radia>ve	transfer	effects	(data	

interpreta>on)	



Isotope fractionation processes 

Self-shielding against 
photodissociation 

H2: Watson (1973) 
CO: van Dishoeck & Black (1988) 

N2: Heays et al. (2014) 

Disequilibrium gas- 
phase chemistry 

Gas-grain interaction 

nAY	+	n+1AX(+)	

n+1AY	+	nAX(+)	

ΔE
	

E

12C16O 

12C18O 

13C18O 

13C16O 

Mass dependence: 
 Young & Schauble (2011); 

Smith et al. (2013) 
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Surface/ice chemistry: 
Brown & Millar (1989) 

H: Watson (1974), Herbst (1982) 
C & O: Langer et al (1984) 
N: Tertieva & Herbst (2000) 

Lamberts, 
Taquet 



Conditions in dark pre-stellar cores  
Cold: T ≈ 5 - 15 K 
Dense: n(H2) ~ 1e5-7 cm-3 
 

Dark: Av > 10 mag 

Ø CO etc. frozen on dust  
Ø N2 (N2H+) still in gas 
Ø High atomic D/H 
 
 

Example: Barnard 68 
FORS Team, 8.2m VLT Antu, ESO 

Disequilibrium chemistry 
Gas-grain interaction 
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Energetic photon interactions  



Isotope fractionation processes 

Self-shielding against 
photodissociation 

H2: Watson (1973) 
CO: van Dishoeck & Black (1988) 

N2: Heays et al. (2014) 

Disequilibrium gas- 
phase chemistry 

Gas-grain interaction 

nAY	+	n+1AX(+)	

n+1AY	+	nAX(+)	

ΔE
	

E

12C16O 

12C18O 

13C18O 

13C16O 

Mass dependence: 
 Young & Schauble (2011); 

Smith et al. (2013) 

Eva	Wirström	
Frac>ona>on	in	Dark	Clouds	

Fractionation of isotopes in space, Florence, October 2016 

Surface/ice chemistry: 
Brown & Millar (1989) 

H: Watson (1974), Herbst (1982) 
C & O: Langer et al (1984) 
N: Tertieva & Herbst (2000) 

Lamberts, 
Taquet 



Nuclear spin type dependence 

o-H2	+	H+	

p-H2	+	H+	

17
0	
K	

EEnergy difference btw ortho (   )  
and para (   ) H2   
 

 At low T, o-H2/p-H2 should   
 decrease 
  
 o-H2 can overcome reaction 
 barriers 

T~10K 
n(H2)~1e6 cm-3 
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Observed 14N/15N 
Protosolar ratio: ~440  
(Marty et al. 2011) 
 

Most primitive reservoirs 
enriched in 15N 
 

Interstellar ratios: wide range 

Mumma & Charnley (2011) with NH3 addition from 
Bockeleé-Morvan et al. (2015) 

Adande & Ziurus (2012) 
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Protosolar

Earth

NH3

N2H+

HCN
HNC

14N/15N observations in dark cores 

Hily-Blant P, et al. (2010). Bizzocchi L, et al. (2013). Milam, S. & Charnley, S. (2012). Gerin M, et al. 
(2009). Hily-Blant P, et al. (2013). Ikeda M, et al. (2002). Lis D.C, et al. (2010). Cordiner et al. In prep. 
Tennekes P.P., et al. (2006). Daniel et al. (2013). Wampfler S, et al. (2014). Adande et al. in prep. 

  
 Summary in Wirström et al., IAU XXIX General Assembly proc. Astronomy in Focus (2016) 
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Magalhaes’	
talk!	
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Hily-Blant P, et al. (2010). Bizzocchi L, et al. (2013). Milam, S. & Charnley, S. (2012). Gerin M, et al. 
(2009). Hily-Blant P, et al. (2013). Ikeda M, et al. (2002). Lis D.C, et al. (2010). Cordiner et al. In prep. 
Tennekes P.P., et al. (2006). Daniel et al. (2013). Wampfler S, et al. (2014). Adande et al. in prep. 

  
 Summary in Wirström et al., IAU XXIX General Assembly proc. Astronomy in Focus (2016) 



Interstellar nitrogen fractionation – models  

Terzieva & Herbst (2000) 
 
Ø  Fractionation effect too 

minor to be detectable 
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Rodgers & Charnley (2008a,b) 
 
Ø  High density (1e6 cm-3),    

CO depletion, and             
low temperature (10 K)  
  14N/15N ≥ 50  

Ø  Main 15N pool: initially 
molecular (and atomic?) 
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Interstellar nitrogen fractionation – models  



Rodgers & Charnley (2008a,b) 
 
Ø  High density (1e6 cm-3),    

CO depletion, and             
low temperature (10 K)  
  14N/15N ≥ 50  

Ø  Main 15N pool: initially 
molecular (and atomic?) 

Ø  Separate 15N routes for 
Nitriles and Amines 

    different fract. timescales 

Eva	Wirström	
Frac>ona>on	in	Dark	Clouds	

14N15N14N15NH+

15N

HC15NH+

15N+

15NH+

15NH3HC15N

C15NH15NC

H3
+

CO, e-

He+14N2H+ He+ 14N2

H2

3H2, e-

HC14NH+

e- e-

e-

, 14N2H+ 

Fractionation of isotopes in space, Florence, October 2016 

Interstellar nitrogen fractionation – models  



Wirström et al. (2012) 
 
 
•  Effective at low T, but rate 

overestimated (T dep.) (Le 
Bourlot, 1991; Dislaire et al., 2012) 

 low o-H2 suppress 15N 
 fractionation in NH3 

 

•  No effect on nitriles 

 More pronounced 
 difference btw            
 Nitriles and Amines 

 
(also Hily-Blant et al., 2013) 
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Figure 2. Left panel: time evolution of the nitrogen chemistry in dense cores, compared to CO and o-H2. Crucial times for the 15N fractionation in nitrogen hydrides
are marked by vertical dotted lines, labeled A, B, and C. Right panel: evolution of the 14N/15N ratio in gas-phase molecules and bulk of ammonia and nitrile ices. Black
curves represent the current model, while red curves show the corresponding isotopic ratios in the model of Rodgers & Charnley (2008a). The assumed elemental value
of 440 is marked by a dotted horizontal line. Values for gas-phase nitriles are omitted after ∼2 × 105 years when abundances for both isotopologues are essentially
zero due to freezeout. Dashed curves represent ice-phase species.

2.2. Other Reactions

Since nitrogen fractionation is initiated by He+ reactions
(see Figure 1), the He+ chemistry dictates the timescale of
fractionation. In particular, the rate for the reaction

He+ + H2 −→ H+ + H + He (4)

has previously been assigned widely different values at 10 K,
ranging from 1.1 × 10−15 cm3 s−1 (Rodgers & Charnley 2008b)
to 2.5 × 10−13 cm3 s−1 (Walmsley et al. 2004). We have adopted
the measured low-temperature rate k4 = 3.0 × 10−14 cm3 s−1

(Schauer et al. 1989).
In order to qualitatively compare the temporal patterns in

15N fractionation to the expected levels of deuteration during
core evolution, we also include the chemistry for ortho and para
H2D+ in the model since o-H2 can overcome the barrier for the
reverse of reaction (1), i.e.,

H2D+ + o-H2 −→ H+
3 + HD. (5)

The most important reactions for spin-state-dependent o/p-
H2D+ formation and destruction are adapted from Walmsley
et al. (2004), and we assume a deuterium abundance corre-
sponding to HD = 1.5 × 10−5 relative to elemental hydrogen.

3. RESULTS

Figure 2 shows the evolution of the major chemical species.
The ammonia abundance builds up to about 10−7 with respect
to H2 around a core age of 105 years (left panel), which is
comparable to what is typically observed (Hotzel et al. 2004).
Similarly, the peak HCN and HNC agree well with values
observed in dense cores (Padovani et al. 2011). At this time
the CO is depleted by a factor of >103. A steady-state H2 OPR

of 2.3 × 10−5, consistent with attempts to quantify the OPR
in the cold dark cloud B68 (Troscompt et al. 2009), is reached
after about 106 years.

The right panel of Figure 2 shows the evolution of the
molecular 14N/15N ratios in the current model, compared to
the corresponding results from the Rodgers & Charnley (2008a)
model. As expected (see, e.g., Figure 1), the inclusion of a spin-
state dependence does not significantly affect the evolution of
fractionation in the nitriles: the 15N enhancement starts to build
up from the initial pool of atomic 15N early on, and continues
to increase until gas-phase abundances have dropped to below
10−13. The 14N/15N ratios in gas-phase HCN and HNC lie in
the range ≈50–260. When all nitriles are frozen out, the 15N
enhancement in the bulk of nitrile ices (CN, HCN, HNC, and
H3CN) is ∼5.

The inclusion of spin-state dependence does however have a
dramatic effect on the 15N fractionation in ammonia. The relative
delay in the timing of the late enhancement peak in the current
model, as compared to Rodgers & Charnley (2008a), stems
from the higher rate (∼3×) of reaction (4) (see Section 2.2).
However, the main difference is that the NH3 enrichment is
not monotonic in time. The sharp decrease starting around 2 ×
105 years (time B; i.e., an increase in 14NH3/

15NH3), is caused
by the inefficiency of reaction (2) as the o-H2 abundance drops
(see Figure 2).

To understand what causes the fractionation patterns, we
compare abundances to isotopologue ratios at crucial times in
the evolution, marked by vertical lines A, B, and C in Figure 2.
Initially, the limiting reaction for fractionation is the production
of 15N+, and the 14N/15N ratio in ammonia is simply double
that of 14N2/

14N15N. As gas-phase CO gets depleted after
∼104 years (A), more He+ becomes available to produce 15N+,
which starts to enrich the nitrogen hydrides beyond that of N2.
However, after ∼105 years, the H2 OPR drops below 2 × 10−7

3

N fractionation model results (before 2015) 
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Roueff et al. (2015) 
 

•  Updated reaction rates 
based on ZPE’s 

 significant barriers in 
 reactions suppress 15N 
 fractionation 

 

•  Demonstrates coupling btw 
N, C, and H fractionation 
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Wirström et al. (2016, in 
prep) 
 

•  Roueff’15 N fractionation 
rates 

•  Updated N-chemistry 
(Wakelam, 2013) 

•  Including  time-dependent  
H2 OPR and freeze-out! 
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•  Roueff’15 N fractionation 
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•  Updated N-chemistry 
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The N2H+ problem 

Bizzocchi L, et al. (2013). Daniel et al. (2013). 
Cordiner et al. in prep. Massive SF sources: 
Fontani et al. (2015). 
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Summary 
•  Disequilibrium ion-molecule chemistry under cold, dense cloud 

conditions lead to different 15N fractions in nitriles and amines, in 
agreement with observations.  

•  A time-dependent H2 OPR lead to high 14N/15N ratios in amines.  
•  New estimated rates for some of the relevant isotopic exchange 

reactions (Roeuff et al. 2015) suppress 15N enhancements – Barriers 
need to be re-evaluated for range of interaction geometries? 

•  All current models fail to reproduce low observed 15N in N2H+ in dark 
clouds – Need to be addressed 

•  Spectroscopy available for doubly 15N substituted N2H+ – observations 
might provide further constraints 

•  Observations of 15N fractionation in NH3 and N2 proxys in dark cores 
are complicated and scarce – need substantial sample of dark cores 
are crucial to obtain a complete picture of fractionation chemistry 
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