
Furuya et al.: Depletion of 15N in L1544

-10 0 10 20
V

LSR 
[km s-1]

-10 0 10 20
V

LSR 
[km s-1]

0

0.5

1.0

T
M

B
 [
K

]

0

0.01

0.02

-0.01

T
M

B
 [
K

]
77.114 77.112 77.110 77.108 77.106

Frequency
 
[GHz]

76.022 76.020 76.018 76.016

Frequency
 
[GHz]

-10 0 10 20
V

LSR 
[km s-1]

74.764 74.762 74.760 74.758

Frequency
 
[GHz]

N
2
D+(1-0)

N15ND+(1-0)

15NND+(1-0)

0

0.01

0.02

-0.01

T
M

B
 [
K

]

rms: 2.3 mK

rms: 2.1 mK

rms: 11 mK

Fig. 1. Spectra of the N2D+(1–0) transition (top panel), the N15ND+(1–
0) transition (middle panel), and the 15NND+(1–0) transition (bottom
panel) observed toward L1544. The intensity scale is the main-beam
temperature. In the top panel, the red curve depicts the result of the
HFS fit. The N15ND+(1–0) transition and the 15NND+(1–0) transition
were not detected down to 3σ levels in 0.2 km s−1 channels of 6.9 mK
and 6.3 mK, respectively. The vertical blue lines indicate the positions
of the expected hyperfine components.

Ritchey et al. 2015). It is reasonable to consider the 14N/15N ra-
tios of N2D+ as the ratio of N2, because N2D+ primary forms
by N2 + X2D+, where X is H or D. Then our observations indi-
cate that N2 is significantly depleted in 15N in the central part of
L1544. If we assume Tex of 4.5 K (5.5 K) in the column density
evaluation, the lower limits of the 14N/15N ratios become 600
(950) for N15ND+ and 640 (1010) for 15NND+. Our qualitative
conclusion is thus robust against the assumed value of Tex. Colzi
et al. (2018) recently derived the [14N/15N]elem ratio in the local

ISM of ∼400 from the observations of HCN isotopologs toward
a sample of 66 cores in massive star-forming regions. Even when
this higher elemental abundance ratio is adopted, our qualitative
conclusion does not change.

As described in Sect. 1, nitrogen isotope exchange reactions
make N2 enriched in 15N; they are thus not relevant to the ob-
served fractionation. Isotope-selective photodissociation of N2
by penetrating interstellar FUV photons is also ruled out as the
cause of the 15N depletion because the penetration would be
negligible in the central part of L1544, where N2D+ emission
arises. Our lower limits of the 14N/15N ratios for N2D+ are con-
sistent with those of N2H+ (∼1000) obtained by Bizzocchi et al.
(2013), which also supports that isotope-selective photodissoci-
ation of N2 is not responsible for the 15N depletion, as discussed
in Sect. 1. We note that cosmic-ray induced photodissociation of
N2 does not cause 15N fractionation because the destruction of
N2 by He+ is much faster (Heays et al. 2014; Furuya & Aikawa
2018). Therefore, in situ chemistry is probably not responsible
for the 15N depletion in N2 in the central part of L1544.

The most likely explanation is that the 15N depletion is in-
herited from more diffuse gas, as recently proposed by Furuya
& Aikawa (2018), based on their astrochemical models in form-
ing and evolving molecular clouds. They found that during the
evolution of molecular clouds, the nitrogen isotopes can be dif-
ferentially partitioned between gas and ice, making 15N-depleted
gas and 15N-enriched ice. In the molecular cloud, where the ex-
ternal UV radiation field is not fully shielded, 14N15N is selec-
tively photodissociated with respect to 14N2, which results in the
enrichment of 15N in the photodissociation product, atomic N.
Atomic N is adsorbed onto grain surfaces and converted into
NH3 ice by surface reactions, while adsorbed N2 does not re-
act with other species, including atomic H. As long as the non-
thermal desorption (especially photodesorption in their models)
of NH3 ice is less efficient than that of N2 ice, the net effect is
the loss of 15N from the gas phase, producing 15N-depleted gas
and 15N-enriched ice. When the external UV radiation field is
sufficiently shielded, 15N depletion does no longer proceed, but
is largely conserved unless a significant amount of NH3 ice is
sublimated.

As noted by Furuya & Aikawa (2018), the mechanism is the
most efficient around the chemical transition from atomic N to
N2, where the self-shielding of 14N2 becomes important. Before
the transition, both 14N2 and 14N15N are efficiently photodisso-
ciated, while after the transition, the abundance of atomic N is
too low to affect the bulk gas isotopic composition. Therefore,
if the mechanism proposed by Furuya & Aikawa (2018) was at
work in the parent cloud of L1544 or the outer regions of L1544,
it means that the transition from atomic to molecular nitrogen
should have occurred there as well.

Nitrogen chemistry mainly consists of three competing pro-
cesses: (i) the conversion of atomic N to N2 in the gas phase,
(ii) destruction of N2 , for instance, via photodissociation and
reaction with He+, and (iii) freeze-out of atomic N and N2 onto
dust grains followed by surface reactions (e.g., Daranlot et al.
2012; Li et al. 2013). The conversion of atomic N into N2 has
been proposed to occur by slow neutral-neutral reactions, such
as NO + N and CN + N (Herbst & Klemperer 1973; Daranlot
et al. 2012). According to the pseudo-time-dependent gas-phase
astrochemical model under dense cloud conditions (104 cm−3,
10 K, 10 mag) by Le Gal et al. (2014), the conversion of atomic
N into N2 takes an order of Myr, depending on assumed elemen-
tal abundances. In the gas-ice model of Daranlot et al. (2012),
under the similar physical conditions, the conversion of atomic
N to N2 takes ∼ 5 × 105 yr, and it occurs after the significant
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