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ABSTRACT

Nitrogen, amongst the most abundant metals in the interstellar medium, has a peculiar chemistry that differs from those of carbon and
oxygen. Recent observations of several nitrogen-bearing species in the interstellar medium suggest abundances in sharp disagreement
with current chemical models. Although some of these observations show that some gas-grain processes are at work, gas-phase
chemistry needs first to be revisited. Strong constraints are provided by recent Herschel observations of nitrogen hydrides in cold
gas. The aim of the present work is to comprehensively analyse the interstellar chemistry of nitrogen, focussing on the gas-phase
formation of the smallest polyatomic species and, in particular, on nitrogen hydrides. We present a new chemical network in which
the kinetic rates of critical reactions have been updated based on recent experimental and theoretical studies, including nuclear spin
branching ratios. Our network thus treats the different spin symmetries of the nitrogen hydrides self-consistently, together with the
ortho and para forms of molecular hydrogen. This new network is used to model the time evolution of the chemical abundances
in dark cloud conditions. The steady-state results are analysed, with special emphasis on the influence of the overall amounts of
carbon, oxygen, and sulphur. Our calculations are also compared with Herschel/HIFI observations of NH, NH,, and NH, detected
towards the external envelope of the protostar IRAS 16293-2422. The observed abundances and abundance ratios are reproduced for
a C/O gas-phase elemental abundance ratio of ~0.8, provided that the sulphur abundance be depleted by a factor greater than 2. The
ortho-to-para ratio of H, in these models is ~107>. Our models also provide predictions for the ortho-to-para ratios of NH, and NH,
of ~2.3 and ~0.7, respectively. We conclude that the abundances of nitrogen hydrides in dark cloud conditions are consistent with the
gas-phase synthesis predicted with our new chemical network.
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1. Introduction

Nitrogen-bearing species have commonly been observed in the
interstellar medium (ISM) ever since the discovery of ammonia,
the first polyatomic interstellar species, by Cheung et al. (1968).
Nitrogenated species are useful probes of the physics and chem-
istry of the ISM over a broad range of conditions. Inversion lines
of ammonia serve as temperature probes in molecular clouds
(Ho & Townes 1983; Maret et al. 2009) and rotational lines of di-
azenylium (N,H") and its deuterated isotopologue, N,D*, may
be used at much higher densities (n ~ 10°cm™, Pagani et al.
2007; Crapsi et al. 2007). In the diffuse ISM, CN absorption lines
allowed the first estimate of the CMB temperature (Thaddeus
1972). Owing to its sensitivity to Zeeman splitting and to its hy-
perfine structure, CN is also a powerful tool for measuring the
line-of-sight magnetic field intensity in dense regions (Crutcher
2012).

The reservoir of nitrogen in molecular clouds is still con-
troversial, but is expected to be gaseous, either in atomic or
molecular forms. Atomic nitrogen in the diffuse ISM is ob-
served through absorption lines in the UV (Nieva & Przybilla
2012). Searches for the N, molecule in interstellar space have
been unfruitful until its first detection in the far-ultraviolet

* Appendices are available in electronic form at
http://www.aanda.org
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by Knauth et al. (2004), in absorption against the back-
ground star HD 124314. The derived column density of N,,
4.6 x 103 cm2, is several orders of magnitude lower than that
of atomic nitrogen (2.0 X 10'7 cm~?), indicating that nitrogen is
mainly atomic. The total visual extinction is 1.5 mag or Ny =
2.8 x 10> cm™? (assuming standard grain properties), leading
to abundances, with respect to hydrogen nuclei, of 7.2 x 107
and 1.6 x 107® for atomic and molecular nitrogen, respectively.
The column density of N, is also about one order of magnitude
higher than the predictions of Li et al. (2013) for translucent
clouds, which take the photo-dissociation of N, into account.
Strong discrepancy between observations and model predictions
suggests that nitrogen chemistry in such diffuse-to-translucent
environments remains poorly understood.

In dense molecular clouds, where hydrogen is molecular, the
situation is even worse, because NI and N, are not observable
directly. Constraints on their abundances are thus only indirect.
In dense clouds, N2H+, a direct chemical product of N,, has
been observed by Womack et al. (1992) and Maret et al. (2006),
who concluded that atomic N is most likely the dominant reser-
voir of nitrogen. In addition, in prestellar cores with gas densi-
ties ~10° cm™3, Hily-Blant et al. (2010b) derived an upper limit
on the gas-phase abundance of atomic nitrogen which suggested
that nitrogen may be predominantly hidden in ices coating dust
grains. More recently, Daranlot et al. (2012) have found that
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gaseous nitrogen is mostly atomic in dense clouds, but that the
dominant reservoir of nitrogen is indeed in the form of ammo-
nia ices at the surface of dust grains. Neverthess, as stressed by
these authors, the predicted amount of icy ammonia is larger than
what is observed in dark clouds and much larger than what is ob-
served in comets. From the above, one can safely consider that
the question of the reservoir of gaseous (and solid) nitrogen in
dark clouds still remains an open issue.

In recent years, additional observations have challenged our
understanding of the first steps of the chemistry of nitrogen
(e.g. Hily-Blant et al. 2010b; Persson et al. 2012). By first
steps we here refer to the synthesis of the smallest N-bearing
molecules. One such discrepancy between observations and
models is shown by the CN:HCN abundance ratio towards sev-
eral starless dark clouds, the value of which is underpredicted in
the models of Hily-Blant et al. (2010b). Another concern is the
HCN:HNC abundance ratio. These two isomers are the prod-
ucts of the dissociative recombination (hereafter denoted DR) of
HCNHY*, with equally measured branching ratio (Mendes et al.
2012). The predicted abundance ratio HCN:HNC is thus ex-
pected to be close to unity (Herbst et al. 2000). Observed ratios,
however, show a large scatter around unity (Hirota et al. 1998)
that may reflect different chemical routes to these molecules.

Another fundamental question is how ammonia is formed in
dense clouds. Le Bourlot (1991) suggested that the gas-phase
synthesis through the N* + H, reaction, followed by hydrogen
abstractions and DR reactions, was efficient enough to repro-
duce the observed amounts. Very recently, however, Dislaire
et al. (2012) have revisited the experimental data available for
the N* + H, reaction. The new rate is significantly lower, and it
falls below the critical value inferred by Herbst et al. (1987) to
explain the observed abundances of ammonia. The efficiency of
the gas-phase synthesis of ammonia versus the hydrogenation of
atomic nitrogen on the surfaces of dust grains remains an open
question (e.g. Tielens & Hagen 1982; D’Hendecourt et al. 1985;
Charnley & Rodgers 2002; Hidaka et al. 2011). Observational
constraints on the amount of ammonia locked into ices coat-
ing dust grains are rare, because the N-H vibrational feature
at 2.95 um is heavily obscured by the 3 um deep water-ice bands.
However, observations of NH; ices in young star formation re-
gions indicate that an abundance of 5% relative to water seems to
be a reasonable value (Bottinelli et al. 2010). Up to now, N, ices
have not been detected in dense regions (Sandford et al. 2001).
Perhaps related to the ammonia issue is a new constraint based
on the abundance ratios of nitrogen hydrides NH:NH,:NHj; to-
wards the Class 0 protostar IRAS 16293-2422, obtained with the
HIFI (Heterodyne Instrument for the Far-Infrared) instrument
onboard the Herschel satellite in the framework of the CHESS
key programme (Ceccarelli et al. 2010). The absorption lines
arising from the low-lying rotational levels of these hydrides
lead to abundance ratios NH:NH,:NH; = 5:1:300. These abun-
dance ratios could not be reproduced by model calculations in
dark gas at a temperature of 10 K and a gas density of 10* cm™
(Hily-Blant et al. 2010a). Last, in diffuse-to-translucent environ-
ments, Herschel/HIFI observations of the ortho and para forms
of ammonia indicate an ortho-to-para ratio of ~0.7 that could not
be explained with the standard nitrogen chemistry (Persson et al.
2012).

The present paper is devoted to the chemistry of nitrogen
in dense regions of the ISM that are efficiently shielded from
ultraviolet photons by the dust and molecular hydrogen. One
major difficulty for progress on the issue of nitrogen chem-
istry in the dense ISM is that neither N nor N, are observable.
Determination of their abundances thus relies on observations of
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trace nitrogen-containing molecules. Chemical models are then
essential. Such carriers usually include NH;, CN, HCN, HNC,
and N2H+, together with 3C, D, and °N isotopologues, and to a
lesser extent NO. For the major isotopologues, the typical abun-
dances with respect to the total H nuclei are ~1071°~107°, except
for NO, whose abundance may be as high as 10~® (Suzuki et al.
1992; Gerin et al. 1992; Akyilmaz et al. 2007; Hily-Blant et al.
2010b; Padovani et al. 2011).

Chemical models allow predictions to be made for the abun-
dances of chemical species under specified physical conditions
(for a review, see Wakelam et al. 2010). Time-dependent mod-
els follow the abundances with time, until the steady state is
eventually reached. In the ISM, however, the steady state does
not coincide with the thermodynamical equilibrium, and mod-
els should thus solve the time-dependent chemical and physical
equations in a self-consistent fashion (e.g. Tassis et al. 2012).
However, a full coupling, e.g. including the impact of the chem-
ical abundances on the thermodynamical state of the gas through
radiative transfer, remains beyond current numerical capabili-
ties. Simplifications must be made, such as adopting analytical
prescriptions for the time evolution of the gas physical condi-
tions (Bergin & Langer 1997; Flower et al. 2005). Regarding the
chemical processes, the cornerstone of any chemical model is
really the network of chemical reactions that describe the for-
mation and destruction of the chemical species. The determina-
tion, either theoretically or experimentally, of the kinetic rates
of these reactions at the low temperatures prevailing in the dif-
fuse, translucent, and dense ISM (5—-80 K) is extremely time-
demanding. This task is simply out of reach for the few thousand
reactions involved in current chemical networks. It is thus cru-
cial to identify the key reactions whose rates have a major effect
on the chemistry (Wakelam et al. 2010, 2012).

In recent years, to meet the above challenges, rate constants
for several key reactions involved in the chemistry of interstel-
lar nitrogen have been computed (e.g. Jorfi et al. 2009; Jorfi &
Honvault 2009) and measured (e.g. Bergeat et al. 2009; Daranlot
et al. 2011, 2012) down to ~10 and ~50 K, respectively. These
challenges also triggered theoretical investigations. Separate col-
lisional rates were computed for HCN and HNC with H, by
Sarrasin et al. (2010). They show, in particular, very different
rates for the (1-0) rotational transition. Using those new rates,
Padovani et al. (2011) derived an abundance ratio HCN:HNC ~ 1
in three starless cores, in agreement with model predictions, sug-
gesting that the current chemical route to HCN and HNC is
consistent with observations. Further observations are, however,
needed to put this result on a firmer basis.

A theoretical investigation of the ortho-para chemistry of
ammonia in the cold ISM was done by Rist et al. (2013). They
calculated separate branching ratios for the hydrogen abstrac-
tions and DR reactions leading to the ortho and para forms of
nitrogen hydrides, taking nuclear spin selection rules into ac-
count. With these new rates and the new chemical network fully
described in this paper, Faure et al. (2013) showed that the ortho-
to-para ratio of ~0.7 for ammonia, observed by Persson et al.
(2012), is in fact consistent with gas-phase chemistry in a para-
enriched H, gas. In this model the anomalous values of the
ortho-to-para ratios of nitrogen hydrides are a consequence of
the low ortho-to-para ratio of Hy, and result from the conserva-
tion of nuclear spin in chemical reactions. In a similar fashion,
Dislaire et al. (2012) show that the NH:NH, abundance ratio in
the envelope of IRAS 16923-2422 can be reproduced only for an
ortho-to-para ratio of H, ~ 107°.

These recent experimental and theoretical results moti-
vated the present work aimed at presenting a new network
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Fig. 1. Principal gas-phase reactions involved in the first stages of nitrogen interstellar chemistry in dark clouds. Nitrogen hydrides (blue, left) and
nitriles (red, right) have been clearly separated. The main formation route of NH is highlighted (green). Chemical pathways from nitrogen hydrides
to nitriles, which are efficient at specific C/O ratio ranges, are also represented (dashed yellow). Adapted from Hily-Blant et al. (2013a).

of the nitrogen chemistry in dense clouds, thus superseding
the classical networks of Herbst & Klemperer (1973) and
Pineau des Foréts et al. (1990). This work puts special empha-
sis on nitrogen hydrides for which the ortho and para forms are
treated self-consistently along with the ortho and para forms of
H;. The outline of the paper is as follows. In Sect. 2, we present
our new nitrogen network. Section 3 describes our model cal-
culations, with in particular, a discussion of initial abundances.
Results and comparisons with Herschel observations of nitrogen
hydrides are the subject of Sect. 4. Section 5 summarises our
new findings and suggests further lines of investigation.

2. Chemical network
2.1. General considerations

The formation of nitrogen hydrides (NH, NH,, and NH,) is sim-
ilar to that of carbon and oxygen hydrides, but has a different
origin. First, unlike carbon, N* is not available directly because
the ionisation potential of N (14.53 eV) is greater than that of H.
In addition, the reaction N + H; > NH" + H, — whose analogue
is responsible for the production of CH* and OH" in dark gas
— is endothermic because the proton affinity of N (3.55 eV) is
lower than that of H, (4.38 eV). The alternative exothermic path-
way, N + H] »NH; + H, shows a high activation energy (Herbst
et al. 1987). As aresult, in the current understanding of nitrogen
chemistry, the production of N* results from molecular nitrogen
reacting with He™. This reaction is found to be more efficient
than the direct cosmic-ray ionisation of atomic nitrogen. Once
N* is formed, rapid hydrogen-abstraction reactions initiated
with

N*+H, — NH* +H (1)

lead to the NH*, NH;, NH3, and NH] ions that, by dissocia-
tive recombinations, generate the formation of neutral nitrogen
hydrides (see Fig. 1).

In addition, because the proton affinity of molecular nitro-
gen is 5.12 eV, the reaction of N, with Hj yielding N,H" is
exothermic and proceeds at a significant rate. The DR of N,H*
then leads to NH. The formation of nitrogen hydrides has ac-
cordingly its origin in N,. On the other hand, nitriles (such as
HCN) derive from atomic nitrogen, through ion-neutral reac-
tions with CHj and CHJ. The formation of nitrogen hydrides
is therefore a relatively slow process compared to carbon and
oxygen hydrides, precisely because the first step involves the
synthesis of molecular nitrogen, which is thought to proceed
through neutral-neutral reactions (Pineau des Foréts et al. 1990;
Hily-Blant et al. 2010b):

N+OH — NO+H 2)
NO+N — N,+0 3)
and

N+CH — CN+H @)
NO+C — CN+O (&)
CN+N — N, +C. (6)

We anticipate that in those instances where the C/O gas-phase
elemental abundance ratio is lower than unity, reaction (5) is ex-
pected to dominate the formation of CN over reaction (4).
Reaction (1) consequently appears to be a key reaction for
the synthesis of nitrogen hydrides. In fact, it was studied in de-
tail by Le Bourlot (1991), who derived separate rates for the re-
action with ortho- and para-H, (denoted H,(0) and H,(p), re-
spectively, in the remainder of the text). The reaction with H, (p)
was assumed to occur with a 170 K activation energy, while be-
ing barrierless with H,(0), which makes the rate of reaction (1)
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strongly dependent on the ortho-to-para ratio of H, (denoted
o/p (Hy) hereafter). More recently, Dislaire et al. (2012) have
revised those rates (see Table B.1) using available experimental
data (Marquette et al. 1988; Gerlich 1993) for H,(p), normal-H,
(i.e. o/p (Hy) = 3:1), and H,(p) containing admixtures of H,(0),
leading to arate at 10 K typically two orders of magnitude lower
than in Le Bourlot (1991). In particular, for o/p (H,) < 1072, the
new rate is below the critical value of 10713 cm® s™! required to
account for the observed amounts of gas-phase ammonia (Herbst
et al. 1987). Nevertheless, Dislaire et al. (2012) could reproduce
the abundance of ammonia observed towards IRAS 16293-2422,
provided the total C/O gas-phase abundance ratio was lower
than 0.4. Recent measurements by Zymak et al. (2013) have con-
firmed the rate used by Dislaire et al. (2012), although issues re-
lated to the fine-structure relaxation of N* deserve further exper-
imental and theoretical studies. Dislaire et al. (2012) also show
that a branching ratio <10% for the channel of N,H" + ¢~ lead-
ing to NH is sufficient to reproduce the observed amount of NH.
The abundance of NH is thus independent of the o/p (H»), un-
like NH, and NH,, which proceed from reaction (1). One con-
sequence is that the NH:NH, abundance ratio depends on the
o/p (Hy). Using the NH:NH, abundance ratio, Dislaire et al.
(2012) could finally determine an o/p (H,) of ~1073. However,
these authors did not explicitly treat the formation of H,(o)
and H,(p).

In the following, we discuss the new reaction rates that have
been implemented to self-consistently model the formation of ni-
trogen hydrides of H,(0) and H,(p). This new network is an up-
dated version of the gas-phase network of Flower et al. (2006a),
as detailed below.

2.2. The ortho-to-para ratio of H»

The o/p (Hy) plays a significant role in the chemistry of ni-
trogen hydrides, making it important to understand the pro-
cesses that may affect its value, in order to self-consistently
model the chemistry. As Hj is not directly observable in the cold
gas, its o/p (Hy) ratio derives from indirect measurements (e.g.
Troscompt et al. 2009, and references therein). An upper limit
of 0.01 has been proposed by Pagani et al. (2009) to explain the
large deuteration fraction of N,D* in cold cores. Values consis-
tent with this upper limit were predicted by the models of Flower
et al. (2006b), with o/p (Hy) = 1073. Molecular hydrogen is as-
sumed to form on dust grain surfaces (Hollenbach & Salpeter
1971), in a strongly exothermic reaction (~4.5 eV) such that the
outcoming H,(0) and H,(p) should be in the ratio 3:1, imposed
by their nuclear spin statistical weights. This corresponds to the
maximum value permitted under thermal equilibrium. At tem-
peratures lower than 100 K, only the first rotational levels of
H,(p) and H, (o) (lying 170.5 K above H,(p)) are populated sig-
nificantly, and the equilibrium value of o/p (H) is given by the
usual low-temperature approximation

o/p (Hz) = 9exp(—-170.5/T). (7)

In the ISM, the characteristic timescale for radiative spontaneous
spin flip from J = 1 of H,(0) to J = 0 of H,(p) is #10"* yr (Raich
& Good 1964; Pachucki & Komasa 2008), much longer than the
lifetime of molecular clouds. As a consequence, the ortho and
para forms may be viewed as two different chemical species,
and gas-phase conversion from one form to the other is expected
to take place only through ion-neutral reactions between H, and
protonated ions (Dalgarno et al. 1973; Crabtree et al. 2011). In a
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general fashion, these reactions can be written as

H,(0) + XH* — H,(p) + XH* (8)
H,(p) + XH* — H,(0) + XH" 9)

where XH" stands primarily for H", Hj, and HCO™. If both ex-
change reactions proceed much more rapidly than the formation
of H, on grains, the o/p (H») is expected to tend towards a value
imposed by the detailed balance relation between the rates of re-
actions (8)—(9) that is the thermal value of Eq. (7). In contrast, if
the formation rate on dust grains is much faster than any of the
two exchange reactions, the o/p (H) value will stay equal to 3:1.
As said previously, there is some evidence that the o/p of H; sig-
nificantly deviates from both 3:1 and the thermodynamical value
of ~3 x 1077 at 10 K. This indicates that certain conversion pro-
cesses do take place on timescales comparable to or even shorter
than the formation process on dust grains.

The gas-phase conversion between H,(0) and H,(p) has re-
ceived particular attention in the past few years. We have there-
fore adopted the most recent theoretical results summarised in
Table B.1. In particular, the conversion through reactions with
protons has been computed by Honvaultet al. (2011, 2012) using
state-to-state quantum time-independent calculations. Exchange
reactions with Hj have been studied using a state-to-state micro-
canonical statistical method by Hugo et al. (2009). The H} +
H, reaction was also studied experimentally below 100 K by
Grussie et al. (2012), confirming the micro-canonical model.
The rates of Hugo et al. (2009) are available for temperatures
below 50 K, restricting the validity of our network to this low-
temperature range.

In addition to the formation of H, on grains and to the ortho-
to-para exchange reactions between H, and protonated ions, the
formation and destruction of the Hj ion also play an important
role in setting the o/p(H;) value. We have therefore updated the
rate coefficients and branching ratios for the reaction H; +H, and
the dissociative recombination H;r + e~ . To this aim, we have
combined the most recent theoretical and experimental values
of the overall rate coefficients with the Oka’s formalism (Oka
2004) to derive the nuclear spin branching ratios. Briefly, this
formalism accounts for the selection rules that result from con-
serving the nuclear spin of identical nuclei. The approach of Oka
(2004) is based on angular momentum algebra applied to the to-
tal nuclear spins of the reactants. For each allowed nuclear spin
of the intermediate complex, the distribution of product states is
deduced from the nuclear-spin conservation for the reverse reac-
tion. Full details can be found in Oka (2004). It should be noted
that these pure nuclear spin branching ratios are applicable to
processes in which many rotational states of the products are
populated, in particular exothermic reactions. In this work, these
branching ratios were used for strongly exothermic ion-molecule
and DR reactions where the products are expected to form rota-
tionally hot, along with full proton scrambling. The correspond-
ing new rate coefficients are listed in Tables B.1 and B.2. We
note that most measurements have no temperature dependence
since they were only performed at room temperature.

Very recently, Faure et al. (2013) have shown that these new
rates do not significantly change the o/p (H;) at steady state with
respect to the results of Flower et al. (2006b). A constant o/p
(H,) of ~1073 was thus found below 15 K. Above this temper-
ature, the o/p (H) was shown to converge towards the thermal
value, as expected from the competition between the H, forma-
tion on grains and the exchange reactions with protonated ions.
This point will be further discussed elsewhere.
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2.3. Atomic to molecular nitrogen conversion

As previously mentioned in Sect. 2.1, the atomic-to-molecular
conversion is the first step towards synthesis of nitrogen hy-
drides in dark clouds. The rates of reactions (2)—(6) have been
uncertain at low temperatures, and in particular the existence
of low activation energy (=20 K) has been suggested by the
CN:NO abundance ratio (Akyilmaz et al. 2007). The rates for
the NO+N and CN + N reactions have been revisited experimen-
tally by Daranlot et al. (2011, 2012) using the CRESU technique
down to temperatures of ~50 K and further extrapolated down
to 10 K. The new rates implemented in our network are sum-
marised in Table B.3. We note that these rates present positive
and negative temperature dependences (see Table B.3) and that
they all lie between 4 x 10712 cm®s™! and 2 x 10710 cm?s™!
at 10 K. These radical-neutral reactions are therefore moderately
fast, but they provide the main routes in converting N to N,,. The
typical chemical timescales of nitrogen chemistry are discussed
below.

2.4. Nitrogen hydrides synthesis

As previously emphasised, the o/p (Hy) has a strong effect on
the chemistry of nitrogen hydrides. To take the o/p (H) into
account self-consistently, some care must be taken in the dis-
sociative recombinations of ionic nitrogen hydrides, NH; + e~
(n = 3, 4), since these reactions produce H,(0) and H,(p), in
amounts that depend on the nuclear spin branching ratios. The
associated hydrogen abstractions NH; + H, (n = 0-3) are also
crucial in driving the nuclear spin distributions. The correspond-
ing branching ratios were determined by Rist et al. (2013) using
Oka’s formalism discussed above and assuming full scrambling.
These branching ratios were found to be significantly different
from those derived by Flower et al. (2006a). In this pioneering
study, where the conservation of the total nuclear spin angular
momentum was included, the branching ratios were indeed de-
rived from simple statistical considerations without recourse to
the angular momentum rules of Oka (2004; see also Sipild et al.
2013, for a recent similar work). The new branching ratios de-
rived by Rist et al. (2013) were employed very recently by Faure
et al. (2013) in their work on the o/p of ammonia in the cold
interstellar gas.

It should be noted that interconversion processes between
the nuclear states of ionic hydrides, of the form NH; +
H, — NH; + H, (n = 2—4), are ignored in this work. Indeed,
these proton scrambling reactions were studied experimentally
using deuterated analogues, and H-D exchanges were not ob-
served, setting small upper limits for the rate coefficients (see the
discussion in Faure et al. 2013). In addition, Faure et al. (2013)
explicitly studied the NH; +H, — NH,; + H, thermalisation re-
action and showed that this reaction must be negligible in order
to explain the observed non-thermal o/p of NH, (~0.7). Crucial,
too, is the branching ratio of the DR of N,H". As emphasised
by Dislaire et al. (2012), the channel leading to NH was piv-
otal in explaining the observed NH:NH, ratio that is greater than
unity. These authors show that a branching ratio lower than 10%
is sufficient, and recent storage ring measurements by Vigren
et al. (2012) confirm this value, with a branching ratio of 7:%%.
Branching ratios for the DR of the NH}! (n = 2—4) ions are taken
from Mitchell (1990), Thomas et al. (2005), Jensen et al. (2000),
and Ojekull et al. (2004) (see Table B.2), following Hily-Blant
et al. (2010a).

10~

N
10°°L N2 |
10%L .

Time (yr)

Fig.2. Time evolution of the abundances of the main nitrogenated
species and species involved in the N-to-N, conversion. For this par-
ticular model (our best model), the total gas-phase abundance ratio C/O
is 0.8 and the total gas-phase abundance of sulphur is 8.0 x 1078,

We summarise, in Tables B.1—-B.3, all the updates and im-
provements from the Flower et al. network, including the ortho-
and para-forms of hydrogen and nitrogen species'.

3. Modelling
3.1. General description

The complete network contains 104 species (see Table 1)
and 917 reactions. The physical conditions, which are fixed, are
typical of dark clouds: the gas has a constant number density of
hydrogen nuclei ny = n(H) + 2n(H,) of 10* cm™3, shielded from
the UV photons by ten magnitudes of visual extinction, and the
kinetic temperature is kept constant at 10 K. Ionisation is driven
by cosmic rays, with secondary photons included, and the ioni-
sation rate of hydrogenis £ = 1.3 x 107'7s7!, a standard value
usually attributed to dense regions (Prasad & Huntress 1980;
Caselli et al. 1998; Wakelam et al. 2005). The processes involv-
ing dust grains are charge exchange, DR reactions, and the for-
mation of Hy. We adopt a single dust grain radius of 0.1 um,
following Walmsley et al. (2004), satisfying a dust-to-gas mass
ratio of 1%. The abundances of all species are followed with
time, until a steady state is reached. A typical illustrative result
is shown in Fig. 2.

Even though we compute the time evolution of all the abun-
dances, we focus our analysis on the steady state, which is
reached typically after ~1 Myr for carbon- and oxygen-bearing
species, ~3—5 Myr for NO, N,H", and NH, and after ~10 Myr
for nitrogen-bearing species (see Fig. 2). We note that these
timescales are probably upper limits since they correspond to
initial conditions where all elements (except hydrogen) are in
atomic form. As mentioned earlier, nitrogen hydrides are late-
time species, a consequence of the slow neutral-neutral reactions
needed to build N,. The timescale of 10 Myr is longer than

! The full chemical network is available on request to pierre.

hily-blant@obs.ujf-grenoble. fr
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Table 1. The 104 gas-phase chemical species considered in our network.
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H Hyp)  H,(0)  He c CH CH, CH, CH, 0 0, OH H,0 Co
co, C, C,H GCH, C,H CH, CHOH H,CO HCO,H N NH  NH,(p) NH,(0)
NH,(p) NHy0) CN  HCN HNC N, NO S SH H,S cs o) so, 0cs
Mg Fe H*  Hi(p Hi Hi(p  Hi  He' c* CH* CH} CH} CH;  CH!
o* o} OH*  OD* H,0* H,0* CO*  HCO"  HCO} c: C,H*  CH}  CH} ct
C,H*  CH, CH} N* NH'" NH{(p NHj(0) NH!(p) NHi(® NHIi(p) NHj(m) NHi(0) CN*  C,N*
HCN*  H,CN*  H,NC* Nj N,H* NO*  HNO* S* SH* H,S*  H,S* CcSs*  HCst  sO*
HSO*  HSO; HOCS* Fe* CH' C.H'

Notes. (0), (p), and (m) stand for ortho, para, and meta states respectively.

the gravitational free-fall timescale of ~0.5 Myr but compara-
ble to the ambipolar diffusion timescale of ~10 Myr at a den-
sity of 10* cm™ (Tassis & Mouschovias 2004; Bergin & Tafalla
2007). Indeed, in their chemical models of collapsing cores,
Tassis et al. (2012) also considered delay times (before collapse
starts) up to 10 Myr.

Another assumption of our model is that freeze-out, which
occurs on a typical timescale of ~10'/ny yr (Bergin & Tafalla
2007), is not considered during the time evolution of the gas,
although observations show depletion of several species in pre-
stellar cores (e.g. Tafalla et al. 2004). However, observations also
show that an important fraction of molecular species remains
in the gas phase, such that desorption mechanisms are required
(Hasegawa & Herbst 1993). Those are highly uncertain and
depend critically on binding energies of the adsorbed species.
Nevertheless, molecular mantles are observed in the core of
dense dark clouds (Whittet et al. 1983; Boogertet al. 2011), indi-
cating that molecular condensation on grains occurs efficiently.
This effect is crudely accounted for in our model by adopting ini-
tially depleted elemental abundances in the gas phase. We also
note that although steady state is rather unlikely, both steady-
state and time-dependent modelling have their own limitations.
Time-dependent calculations depend critically on the assumed
initial abundances, which are poorly known, whilst steady-state
models do not. In addition, focussing on the steady state does
not prevent identifying key reactions and general trends, while
avoiding the uncertainties described above.

3.2. Elemental abundances

The choice of the gas-phase elemental abundances is not a trivial
task, nonetheless, and the abundances of the elements strongly
influence the chemical state of the gas. One example is the rel-
ative amount of carbon and oxygen, which is known to strongly
affect the chemistry (van Dishoeck & Blake 1998; Le Bourlot
et al. 1995). For most of the elements, including nitrogen, we
follow Flower et al. (2005), who have estimated gas-phase ele-
mental abundances by combining observational constraints from
the diffuse ISM and infrared signatures of ices (Gibb et al. 2000),
and assuming the composition for the refractory core of dust
grains. Nevertheless, the abundances of carbon, oxygen, and sul-
phur deserve special attention.

The elemental gas-phase abundance of sulphur, noted [STt,
is very poorly constrained. It can vary by almost three orders
of magnitude if we consider the range delimited by the so-
called low metal abundance and high metal abundance cases
defined originally by Graedel et al. (1982). The first category
is suggested by the low electron abundance in dense clouds and
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may be more representative of the chemistry in such environ-
ments, whilst the second category reflects the standard ¢ Oph
sightline. Further studies of dense dark clouds have corroborated
the low metal sulphur gas-phase abundance, even where elemen-
tal carbon, oxygen, and nitrogen are depleted by only factors
of a few (Ruffle et al. 1999). In the well studied TMC-1 and
L183 dark clouds, Tieftrunk et al. (1994) found that the sum of
all detected S-bearing molecules represents only 0.1% of the el-
emental sulphur solar abundance [S]is = 1.5 X 1073 (Przybilla
et al. 2008; Asplund et al. 2009). In the following, we have ap-
plied depletion factors from the gas phase of 200, 20, and 2, or
abundances with respect to H nuclei of 8.0 x 1073, 8.0 x 1077,
and 8.0 x 1079, respectively.

The reference cosmic abundance for oxygen is 575 ppm
(Przybilla et al. 2008). Based on 56 diffuse sightlines, Cartledge
et al. (2004) have shown that the gas-phase abundance of oxy-
gen decreases with increasing sightline mean density, reflecting
the uptake of oxygen in silicate and oxides into grain cores.
They found an average gas-phase atomic oxygen abundance of
280 ppm for densities greater than 1.5cm™>, suggesting that
up to 300 ppm of oxygen have been removed from the gas
phase. This idea has been further developed by Whittet (2010),
who performed a comprehensive oxygen budget up to densi-
ties ~1000 cm™~3, and shows that ~100 ppm and ~120 ppm are
locked into ices and silicates or oxydes, respectively. Taking
into account that ~50 ppm is in gaseous CO, it must be recog-
nised that up to ~300 ppm of oxygen are in unknown carriers.
The depletion of oxygen not accounted for by known carriers is
also demonstrated by Nieva & Przybilla (2012) who compared
the abundances derived by Cartledge et al. with their Cosmic
Abundance Standard based on B-stars.

Depletion of carbon is surprisingly not well constrained (see
e.g. Fig. 5 of Jenkins 2009), essentially for observational lim-
itations. In addition, the column densities derived so far in the
literature may overestimate the amount of gas-phase carbon, be-
cause of an underestimated oscillator strength for the CII tran-
sition at 2325 A (Sofia et al. 2011). The error could be up to a
factor of two.

To reflect the large uncertainties in the gas-phase elemen-
tal abundances of carbon and oxygen, we decided to vary
the carbon-to-oxygen gas-phase elemental abundance ratio,
[Cliot/[Oltor, simply noted C/O hereafter. To do so, we have
assumed a constant elemental abundance of carbon, [Cly =
8.3 x 107>, and varied that of oxygen from 50 ppm to 280 ppm.
The lower limit is imposed by gaseous CO, and the upper limit
is taken from Cartledge et al. (2004). The corresponding range
in C/O is 0.3 to 1.5. The upper value of 280 ppm implicitely
requires that ~230 ppm of oxygen have been taken from the
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Table 2. Gas-phase elemental abundances? adopted in our model.

Element This work  Flower et al. (2005)
He 0.10 0.10
c’ 8.3(-5) 8.3(-5)
Nt 6.4(-5) 6.4(-5)
(0] 5.5(=5) t0 2.8(-4) 1.2(-4)
Se 8.0(—8) to 8.0(-6) 6.0(-=7)
Fe? 1.5(-9) 1.5(-9)

Notes. ¥ Fractional abundances relative to total H nuclei. Numbers in
parentheses are powers of 10. ¥’ The elemental abundances of gas-
phase nitrogen, carbon, and iron are taken from Flower et al. (2005).
(© The lower value of the total gas-phase elemental abundance of S is
taken from the “low metal” case of Graedel et al. (1982).

various reservoirs (solid, ices, unknown carriers) and released
in the gas phase by some unspecified processes. Our strategy
is therefore analogous in some respects to the one adopted by
Terzieva & Herbst (1998) and Tassis et al. (2012), who con-
sidered a similar range of elemental C/O ratios. However, the
main difference with our model is that we do not consider gas-
grain processes apart from charge exchange with grains and
H, formation, such that the total amount of gas-phase carbon
and oxygen remain constant during the time evolution. For each
value of C/O, three models, corresponding to the three sulphur
abundances discussed above, were performed. The initial gas-
phase elemental abundances are summarised in Table 2.

4. Results
4.1. Influence of the C/O ratio

The steady-state abundances of several nitrogenated species, to-
gether with chemically related species, are shown in Fig. 3, as
a function of the elemental C/O gas-phase abundance ratio, for
three sulphur abundances. We first focus on the low metal sul-
phur abundance (left panel). For all values of C/O, atomic and
molecular nitrogen are the most abundant species, except at high
C/O, where CN becomes more abundant than N. Our model pre-
dicts that, at low and high C/O, molecular nitrogen is the domi-
nant carrier of nitrogen. Oxygen-bearing species such as NO and
OH see their abundance decreasing with increasing C/O, by 2 to
5 orders of magnitude. This is a consequence of the decreasing
total amount of oxygen available in the gas-phase. In contrast,
the abundances of CN and CH increase by the same amount.
Nevertheless, for the latter species, this is not due to an increase
in the total amount of carbon, but to an increase in the amount
of carbon available in the gas phase, since less carbon is locked
into the very stable CO molecule. The turning point between the
low- and high-C/O regimes occurs around 0.9. In this intermedi-
ate regime (0.8 < C/O < 1.0), molecular nitrogen is no longer
the main reservoir of nitrogen because OH and CH, which en-
sure the conversion from N to N,, are two orders of magnitude
less abundant. The above reasoning remains true for a total gas-
phase sulphur abundance of 8.0 x 1077, although the mid-C/O
regime now extends up to 1.1. At an even higher total gas-phase
abundance of sulphur, the high-C/O regime in which N:N, < 1
is not recovered.

The evolution of nitrogen hydrides with C/O is not uniform.
For sulphur abundances up to 8.0 x 1077, the NH abundance
varies by less than an order of magnitude over the whole range
of the C/O ratio, in sharp contrast with NH, whose abundance

decreases from 107% in the low-C/O regime to 10~'? in the high-
C/O regime. The abundance of ammonia is a few 107% in both
the low- and high-C/O regimes, but drops to 10~ in the mid-
C/O regime. When [S]ir = 8.0 x 1079, the behaviour of [NH]
is similar to that of [NH,], and drops by more than an order of
magnitude from the low- to high-C/O regimes. For ammonia, the
same trend holds, but unlike [NH] or [NH, ], [NH,] manages to
increase with C/O, although not recovering its value of the low-
C/O regime.

We here provide explanations for the observed abundance
behaviours, focussing on the low metal sulphur abundance case.
The evolution with C/O of the balance between N and N, is ex-
plained by the fact that as C/O increases, more oxygen and less
carbon — relative to the total — are locked into CO. Therefore,
there is less oxygen available in the gas phase, and the abun-
dances of NO and OH drop. The contrary holds true for carbon:
there is more CH and CN. Since the N-to-N, conversion pro-
ceeds through NO and/or CN, this explains the peak of N:N, ra-
tio for C/O ~ 1. As a consequence, the modelled abundances of
all nitrogen hydrides, which strongly depend on the conversion
of Ninto N,, decrease at C/O ~ 1. However, that ammonia recov-
ers its low-C/O abundance at high C/O, when NH and NH, do
not, stems from the fact that these two radicals are primarily de-
stroyed by reactions with atomic carbon, while ammonia is not.
Reaction of NH with neutral carbon forms CN, and NH, +C pro-
duces HCN and HNC. On the other hand, NH; is not destroyed
by neutral carbon but by H] (whose abundance does not strongly
depend on C/O), HCO*, and C*. As a consequence, in the high-
C/O regime, the large amount of carbon not locked into CO en-
hances mostly the destruction of NH and NH,. At the same time,
the N-to-N, conversion restarts through CN, and the formation
of ammonia increases.

4.2. Influence of the sulphur abundance

We now further analyse the influence of the total sulphur abun-
dance on the steady-state abundances of nitrogen hydrides.
As shown in the top panels of Fig. 3, models with [S] =
8.0 x 1078 and 8.0 x 1077 are very similar, and the only change
is the broadening of the mid-C/O regime mentioned above. For
[Slot = 8.0 x 107°, CN and CH abundances drop by more than
an order of magnitude at high C/O, whereas those of NO and OH
increase.

The broadening of the mid-C/O regime as [S] increases re-
sults from a combination of several chemical effects. As already
mentioned, in this regime, characterised by N:N, > 1, the con-
version from N to N, is weak, because of the low abundances
of CH and OH. Comparing models with [S] = 8.0 X 1077
and 8.0 x 1076, [CH] drops by about two orders of magnitude
at high C/O, while [OH] is only marginally affected. Although
[NO] increases by more than a factor 10, it remains 100 times
less abundant than CN and does not compensate for the drop
of [CN]. The net effect is a global decrease of the conversion
partners. As a result, N remains more abundant than N, up to
C/O = 1.5. Thus, the effect of [S];oc must be traced back to CH,
through the reaction

S*+CH — CS* +H (10)

which removes CH. A similar reaction holds for OH, but its
abundance decreases only slightly. To understand this behaviour,
we notice that OH is formed through the DR of H;0", the abun-
dance of which decreases with [S]i. Indeed the ionisation po-
tential of S (10.36 eV) is lower than that of H, and increasing
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Fig. 3. Steady-state abundances of several nitrogen-bearing and nitrogen-chemistry related species, as a function of the gas-phase elemental
abundance ratio of C/O, for three different values of gas-phase elemental abundance of sulphur (from left to right: [S] = 8.0 X 1078, 8.0 x 1077,
8.0 X 107%). C/O values include 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, and 0.67, which was the ratio employed in the
previous studies of Flower et al. 2006. Top panels: molecules involved in the atomic-to-molecular conversion of nitrogen. Bottom panels: nitrogen

hydrides.

[Sliot drives up the ionisation fraction. The resulting enhanced
DR destruction of H;O" thus compensates for the destruction of
OH by S*. In the mid-C/O regime at low-to-intermediate sulphur
abundances, there is such a combination of effects that both OH
and CH remain too rare to ensure an efficient conversion of N
into N,, leading to a well-defined C/O range in which N:N, > 1.
In this parameter space, the enhanced destruction of CH by S*
dominates the increase of atomic carbon in the gas phase, and
the increase of H;O* does not compensate for the destruction of
OH by S*.

Regarding nitrogen hydrides, a variation from low-to-
intermediate sulphur abundance does not change the abundances
dramatically. This is not true when going from intermediate to
high [S]it. At high C/O, [NH] drops by a factor of 5, while
NH, is unaffected and remains at a very low abundance. The
most dramatic change is that of [NH,], which drops by a fac-
tor of 20. This is due to the combination of the two reactions
NH; + S* — NHj + S and NHj + e~ — NH + H + H, which
get greatly enhanced at high [S]i. Their net effect is to transfer
nitrogen from ammonia to NH. Nevertherless, the latter sees its
amount divided by a factor 5 because the destruction path NH+N
becomes important in the N:N, > 1 regime.
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4.3. Comparison with observations

Before the launch of the Herschel space telescope, the only
astronomical source where the three hydrides NH, NH,, and
NH; were detected was Sgr B2, with the ratios NH:NH,:NH, ~
1:10:100 (Goicoechea et al. 2004). However, this line of sight
encompasses a variety of physical conditions (e.g. shocks), and
the NH:NH,:NH, ratios measured in Sgr B2 may therefore not
be representative of cold dense clouds. Recent Herschel/HIFI
observations towards the solar-type protostar IRAS 16293-2422,
however, allowed putting strong constraints on the nitrogen hy-
dride chemistry in dark gas (Hily-Blant et al. 2010a; Bacmann
et al. 2010).

IRAS 16293-2422 is situated deep within a high column
density core in a filament of the pOph cloud complex. From
the results of extensive interferometric and single dish-mapping
at centimetre, millimetre, and far-infrared wavelengths, detailed
models of the physical structure of the source have been con-
structed (e.g. Crimier et al. 2010, and references therein). The
region can be divided into four components: the ambient molec-
ular cloud, the circumbinary envelope, the three protostellar
sources Al, A2, and B, and the outflow components (see Loinard
et al. 2013, and references therein). The total column density of
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H, towards IRAS 16293-2422is ~2 x 10%} cm™ (van Dishoeck
et al. 1995). In the most external part of the source where ni-
trogen hydrides are seen in absorption, the column density is
necessarily much lower. Radiative transfer computations where
we have coupled non-local thermodynamic equilibrium (non-
LTE) calculations with a simple physical model of the source
(see Appendix A) have shown that the absorbing region must
have an H, density $10*cm™ (i.e. ny < 2 x 10*cm™), which
corresponds not to the circumbinary envelope but to the ambi-
ent cloud (although the distinction is artificial since the density
profile is continuous). For this component, the H, column den-
sity is rather uncertain but we adopted the value derived from
C'80 observations by van Dishoeck et al. (1995), N(H,) =
1.5 x 1022 cm™2. We note that Hily-Blant et al. (2010a) em-
ployed a different value, N(H,) = (5.5+2.5) X 10?> cm™2, based
on an extrapolation of the Crimier et al. profile. The NH; col-
umn density derived by Hily-Blant et al. (2010a) was hlghly
uncertain because, in contrast to NH and NH,, the hyperfine
structure was not resolved. Guessed excitation temperatures of
8—10 K were therefore employed within an LTE treatment. In
the present work, non-LTE radiative transfer calculations for NH
and NH; were performed, as described in Appendix A. The best
agreement with the observations (see Fig. A.1) is obtained for
a total ammonia column density of 1.4 x 10'3 cm™2. The asso-
ciated gas temperature is 11 K, which is fully consistent with
standard dark cloud conditions. The spectrum of NH is also re-
produced well (see Fig. A.2). The column density of NH, has
also been revised, since it had been estimated by Hily-Blant
et al. (2010a) based on the NH;(0) alone and assuming that
the NH,(p) abundance was negligible. However, our models, as
well as Faure et al. (2013), show that this should not be the
case and that the o/p ratio of NH, is more likely ~2.3. We
have therefore increased the total column density of NH, from
5.0 x 103 to 7.5 x 10" cm~2. Finally, the column densities of
NH, NH,, and NH; used in this work are (2.2 + 0.8) X 1014,
(7.5 +£3.0) x 103, and (1.4 + 1.0) x 10" cm2, respectively, or
abundance ratios NH:NH,:NH; ~ 3:1:19. The corresponding
abundances relative to the total H nuclei are then obtained using
Nug =2xNH,) = 3.0+ 1.5) x 102 cm™.

The abundances of NH, NH,, and NH, towards IRAS 16293-
2422 are compared in Fig. 4 to the set of models described pre-
viously. Overall, the predicted abundances match the observa-
tions only within a narrow range of C/O ratios, which is found
to be 0.7-0.8. However, as discussed above, the uncertainties
on the abundances are rather large due to the difficulty to esti-
mate the H, column density in the absorbing layers. In contrast,
abundance (or column density) ratios circumvent this caveat,
and are thus more robust. The ratios NH,:NH and NH,:NH
are plotted in Fig. 5. At low and 1ntermed1ate sulphur abun-
dance, the NH,:NH ratio delineates a narrow range of C/O val-
ues of 0.75—0.80 consistent with the above constraints. At inter-
mediate sulphur abundance, the NH;:NH ratio further constrains
the C/O ratio to 0.75. For a high sulphur abundance, however,
there is no C/O that allows both abundance ratios to be repro-
duced simultaneously. From Fig. 2, which shows the evolution
with time of the abundances, we note that the observed abun-
dance ratios NH:NH, :NH, are also well reproduced at very early
times ~4 x 10* yr. However, at such early times, the fractional
abundances of the N-hydrides are more than an order of magni-
tude smaller than observed. Although there was no minimisation
attempt, the best agreement with the observations is found for the
set of parameters [S]i; = 8.0 X 10~% and C/O = 0.8, which will
be referred to as our best model.

We conclude that the steady-state abundances predicted by
our gas-phase chemical model are consistent with the observa-
tional constraints on the abundances and abundance ratios of
NH, NH,, and NHj;, provided that the C/O ratio is ~0.8. The
elemental abundance of sulphur is less constrained, but must be
depleted by more than a factor of 2.

4.4. Impact of the new rates

To show the influence of the new rates adopted in our network,
we performed a calculation using the Flower network combined
with our best model parameters. The abundances of NH, and
NH, are similar to those found with our updated network with
dlfferences less than 30%. However, this is not true for NH abun-
dance, which is one order of magnitude lower with the old net-
work. This large increase in our model is due to the dissociative
recombination channel of N,H" forming NH, as already noted
in Dislaire et al. (2012). When looking into more detail, the
relatively small change of the abundances of NH, and NH; in
fact results from a combination of three effects. First, the up-
dated rate of the reaction N* + H, lowers the abundances of
NH, and NH; by more than a factor of 10. For ammonia, this
effect is partlally compensated for by the updated branching ra-
tios of the NH; + e~ dissociative recombinations. The abun-
dance of NH, and that of ammonia are finally recovered when
updating the rate and branching ratios of the reaction H} + O.
This reaction produces more OH* and H,O", thus enhancmg
the amount of OH, hence the N to N, conversion. This demon-
strates that updating all those reaction rates is essential for re-
producing the abundances of nitrogen hydrides. We note that the
Dislaire et al. (2012) model, based on the osu.09.2008 chemi-
cal network?, predicts abundances that are too small for all three
species, which may result from the large sulphur abundance as-
sumed by these authors, although the comparison is not direct
because the two chemical networks may contain different rate
coefficients for non-negligible reactions.

The impact of the new rates is further proven by the o/p
of NH, and NH, predicted by our models, which are 2.3 and
0.7, respectively (see Table 3). These values are significantly
higher than those obtained with the Flower et al. (2006a) net-
work (1 and 0.3, respectively, see Table 3). It should be noted
that both o/p ratios are below the statistical values of 3 and 1, re-
spectively, which are lower limits under thermal equilibrium. In
addition, these o/p ratios were found to depend only very weakly
on the C/O value, as expected since the o/p of nitrogen hydrides
are driven by the o/p ratio of H, (see Sect. 2.4 and Fig. 4).

5. Discussion and conclusions

We have presented a new gas-phase, ortho/para, chemical net-
work devoted to the interstellar chemistry of nitrogen under typ-
ical dark cloud physical conditions. More specifically, this work
focussed on nitrogen hydrides because these species, which are
linked by a small number of chemical reactions, have been ob-
served with high accuracy with the Herschel/HIFI instrument.
The absorption lines of NH, NH,, and NH, trace the cold, UV-
shielded, and moderately dense envelope of the IRAS 16293-
2422 protostar, and therefore provide direct observational tests
of the chemistry of nitrogen in such environments. Although the
comparison deals with a single object, the present work aims at
understanding general processes of nitrogen chemistry in dark
cloud conditions.

2 http://www.physics.ohio-state.edu/~eric/research.
html
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Fig. 4. Steady-state abundances of NH, NH,, and NH; as a function of the C/O gas-phase elemental abundance ratio for three different values of
gas-phase elemental abundance of sulphur (from left to right: [S] = 8.0 x 107, 8.0 x 1077, 8.0 x 107°). C/O values include 0.3, 0.4, 0.5, 0.6,
0.67, 0.7, 0.75, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5. In each panel, the solid line refers to the model predictions and the vertical dashed lines locate
C/O = 0.67 (Flower et al. 2006 value) and 0.8 (our best model value). For NH, and NH;, the ortho and para abundances are shown separately
(dashed and dotted lines respectively). The observed abundances towards IRAS 16293-2422 are represented by the hatched boxes, considering an

o/p ratio of NH, ~ 2, as predicted by our model.

Our network is based on the gas-phase network of Flower
et al. (2006a) where the following major improvements have
been implemented: i) the nitrogen chemistry was revised using
the most recent experimental results, in particular for the con-
version of N to N, through radical-radical reactions and for the
dissociative recombinations of the NH (n = 2—4) ions; ii) we
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adopted recent theoretical results for the ortho-to-para conver-
sion of H, by H" and H3; iii) we employed the formalism of Oka
(2004), as detailed in Rist et al. (2013) and Faure et al. (2013), to
derive the nuclear spin branching ratios for all primary reactions
involved in the formation and destruction of H,(p), H,(0), NH,
NH,(p), NH,(0), NH;(p), and NH;(0).
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Fig. 5. Steady-state abundance ratios of the N-hydrides as a function of the gas-phase elemental abundance ratio of C/O for three different values
of the gas-phase elemental abundance of sulphur (from left to right: [S]i, = 8.0 X 1078, 8.0 x 1077, 8.0 x 107%). C/O values include 0.3, 0.4, 0.5,
0.6, 0.67, 0.7, 0.75, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5. In all panels, the vertical dashed lines locate C/O = 0.67 (Flower et al. 2006 value) and
0.8 (our best model value). The abundances derived from Herschel/HIFI observations towards IRAS 16293-2422 are represented by the hatched

boxes, considering an o/p ratio of NH, ~ 2, as predicted by our model.

Table 3. Abundances and abundance ratios of nitrogen hydrides at steady state predicted using several chemical networks.

Observations® Models
N (cm™) N/Nu Dislaire et al. (2012)>  This work®  Flower et al. (2006a)?

NH 22+08(14) 7.3 +4.5(-9) 4.3(-10) 1.2(=8) 1.3(=9)
NH, (0) 50+0.9(13) 1.7 +0.9(-9) - 2.5(-9) 2.0(-9)
NH, (p) - - - 1.1(=9) 2.0(-9)
NH, 7.5+3.0(13) 2.5+1.6(-9) 8.2(~11) 3.6(-9) 4.0(-9)
NH;(0) - - - 5.8(-9) 2.5(-9)
NH;(p) - - - 8.6(—9) 7.3(=9)
NH, 1.4+ 1.0(15) 4.7 +4.1(-8) 7.5(-10) 1.4(=8) 9.8(-9)
NH,:NH 0.34 +0.18 0.2 0.3 3.1

NH;:NH 6.4+52 1.7 1.2 7.5

NH:NH,:NH; 3:1:19 5:1:9 3:1:3 0.3:1:2.5

Notes. Constant physical conditions were adopted: Ty, =10 K, ng=10*cm™, ¢ = 1.3 x 1077 s!. Numbers in parentheses are powers of ten.
@ Based on Hily-Blant et al. (2010a) and revised as described in Appendix A. For each species, N is the total column density. The adopted value
of Ny = 3.0 + 1.5 x 10?2 cm™2. ® Updated version of the osu.09.2008 network used in Dislaire et al. (2012), who adopted C/O = 0.67 and
[Slot = 1.5 x 107>, © Our network with the parameters of our best model: C/O = 0.8 (or [O];=1.04 x 107*) and [S];=8 X 107%.  Network

from Flower et al. (2006a) adopting the parameters of our best model.

Our findings may be summarised as follows. First, we found
that the abundances of the nitrogen hydrides strongly depend on
the gas-phase elemental C/O ratio adopted in the model. A sim-
ilar result was noted in earlier works (e.g. Terzieva & Herbst
1998; Hily-Blant et al. 2010b; Tassis et al. 2012), although we
here provided a detailed analysis of the influence of the C/O ra-
tio, by focussing on a smaller set of species. The influence of the
C/O ratio stems from the fact that nitrogen hydrides derive from
N, that is formed via either N + CH or N + OH. Two regimes
corresponding to C/O < 0.8 and C/O > 1 are clearly identi-
fied where the N,/N ratio is greater than 1 and the abundance of
ammonia is a few 1078, In contrast, the abundances of NH and
NH, are much lower at high C/O because these radicals are effi-
ciently destroyed by atomic carbon. Second, we have shown that
increasing the elemental gas-phase abundance of sulphur [S]
significantly reduces the efficiency of the N to N, conversion.
Thus a high abundance of sulphur (i.e. 8.0 x 10~®) was found to
reduce the abundance of several N-bearing species by up to two
orders of magnitude.

The steady-state abundances predicted by our model were
compared to the Herschel/HIFI observations of NH, NH,, and
NH,, towards the low-mass protostar IRAS 16293-2422. Our
chemical model reproduces both the observed abundances and
abundance ratios of the three hydrides well. A key point is that
our network produces more NH than NH,, as observed. Our best
model, which leads to NH:NH,:NH, abundance ratios of 3:1:3
(see Table 3), is obtained for a C/O ratio of 0.8 and a low sul-
phur abundance [S]i, = 8.0 X 1078, Although it is consistent
with the 3:1:19 observed ratios, the predicted abundance of am-
monia is at the lower end of the allowed range. Higher values
for [S]io are also possible, but a high abundance of 8.0 X 107¢
is clearly excluded by our models, as well as C/O ratios outside
the range 0.7-0.8. We note that at earlier times (~2—5 Myr),
the observations can be reproduced with a similar [S]i (i-e.
<8.0 x 107°) and slightly higher C/O ratios, in the range 0.9
to 1.1.

Our model calculations thus show that chemical reactive pro-
cesses on dust grains are not needed to explain the gas-phase
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abundances of nitrogen hydrides in typical dark cloud condi-
tions. This of course does not preclude the possibility that a
fraction of atomic nitrogen can also form ammonia ices by hy-
drogenation on the grain mantles. This process is in fact cer-
tainly necessary to account for the high abundance of ammonia
(~107%) detected in e.g. shock regions, where grain mantles are
released in the gas phase (Umemoto et al. 1999). We note that
our best model corresponds to a regime where N/N, ~ 1. The
exact amount of gaseous N,, however, depends on the competi-
tion between its formation in the gas and the depletion of atomic
nitrogen onto grains, which was neglected in the present work.
Several nitrogenated species were shown observationally to re-
sist depletion in cold prestellar cores, in contrast to CO and many
other species. This is the case for NH,, N2H+, and CN (Tafalla
et al. 2004; Crapsi et al. 2007; Hily-Blant et al. 2008), and also
for HCN (and HNC), although for the last there seems to ex-
ist some variability amongst sources (Hily-Blant et al. 2010b;
Padovani et al. 2011; Pagani et al. 2012). This observational re-
sult indicates that enough atomic N is always available in the
gas phase, which is also slowly converted into N,. However, in
similar objects, Akyilmaz et al. (2007) observes that NO disap-
pears from the gas phase at high densities where CN does not,
which was interpreted as freeze-out onto grains. The different
behaviours among N-bearing species with respect to depletion
could result from a combination of several factors, such as dif-
ferent molecular properties (e.g. the binding energy) and/or the
timescales of the gas-phase chemical reactions. Further attempts
to reproduce, in a comprehensive fashion, the behaviours of the
observed species, may need to consider all these aspects tak-
ing the time-dependent competition between gas-phase and gas-
grain processes into account.

Gas-phase synthesis of N-hydrides is further supported by
the ortho-to-pararatios of NH; and NH, predicted by our model.
Persson et al. (2012) measured the ortho- and para-ammonia col-
umn densities in diffuse molecular clouds along the sight lines
towards the high-mass star-forming regions W49N and G10.6-
0.4, and found o/p(NH;) = 0.5-0.7. This ratio is in excellent
agreement with our prediction. For NH,, preliminary Herschel
measurements indicate ortho-to-para values in the range 1.5-3.5
in diffuse gas along the line of sight towards G10.6-0.4 (C.M.
Persson et al., priv. comm.), again in very good agreement with
our prediction. The NH, NH,, and NH, abundances (relative to
total hydrogen) derived by Persson et al. (2010) are 5.6 x 1072,
3.0 x 1072, and 3.2 x 1079, respectively, or abundance ratios
NH:NH,:NH, = 2:1:1. The NH and NH, abundances are thus
similar to those in the envelope surrounding IRAS 16293-2422
(see Table 3), although that of ammonia is one order of mag-
nitude lower. Their abundance ratios are in fact similar to the
prediction of our best model (see Table 3). However, our cal-
culations are not likely to apply to a warmer and more tenu-
ous diffuse gas, which requires dedicated models (gas density of
~103 cm™ and temperature of ~30 K). In particular, the C/O ra-
tio and [S]i,; abundance may take different values in the diffuse
ISM. Photodissociation of ammonia may also play arole, as dis-
cussed by Persson et al. (2010), although we do not expect the
UV to significantly alter the o/p of NH, and NH, which are
driven by proton exchange reactions.

The present work gives rise to several questions. First, ad-
ditional observations of NH, NH,, and NHj; in various objects
are needed to confirm the gas-phase chemical processes men-
tioned above. The determination of the ortho-to-para ratio to-
wards others Class 0 protostars would also be extremely use-
ful. Another critical issue is related to the abundances of other
N-bearing species such as N,H*, CN, and nitriles (e.g. HCN)
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in dark clouds. Observations in dark clouds are already avail-
able for these species, but were not discussed in this paper. The
reason is that we believe that such a comprehensive comparison
with all the observations first requires assessing the complete-
ness of the current chemical network with respect to all those
simple nitrogen-bearing species.

Here, we have focussed on nitrogen hydrides, and this al-
lowed us to understand several effects and explain various ob-
servational facts. Of course, chemistry is highly non-linear (e.g.
Le Bourlot et al. 1995), and we cannot exclude that in some
peculiar range of parameters, new rates, e.g. in the formation
of HCN, could affect the above results. However, by exploring
such a broad range of initial abundances, we have been able to
emphasise robust trends and processes. Our approach is comple-
mentary to other strategies that quantify the sensitivity of chem-
ical networks to rate uncertainties (e.g. Wakelam et al. 2010).
Time-dependent aspects must also be explored, taking gas-grain
processes into account and/or including the effect of gas dynam-
ics (e.g. Brown & Charnley 1990; Flower et al. 2006a; Tassis
et al. 2012).

Concerning future improvements of our network, we are cur-
rently implementing new reaction rates and nuclear spin branch-
ing ratios for the deuterated isotopologues of several nitrogen-
bearing species. Both deuterated and 3N isotopologues were not
considered in the present work. However, both are detected in
the cold ISM with significant abundances. The molecular D/H
and N/!*N ratios are sensitive probes of the chemistry, and fu-
ture works will explore gas-phase fractionation processes and
the possible link with the D and 'N-enrichments observed in
solar system objects (see e.g. Wirstrom et al. 2012; Hily-Blant
et al. 2013a, and references therein). We note in this context
the recent detection of C'N and NH;D* in cold prestellar
cores by Hily-Blant et al. (2013b) and Cernicharo et al. (2013),
respectively.
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Appendix A: Radiative transfer modelling

Our one-dimensional spherical source model consists in two-
layers with uniform density and kinetic temperature. The in-
ner layer, close to the protostar, has a radius of 10* AU, a
dust temperature of 30 K, and a total (front + back) column
density N(H,) = 6.6 x 102 cm™2 — hence, a density n(H,) =
4.4 x 10°cm™ — and we assume this layer does not contain
gas-phase nitrogen hydrides. Furthermore, the dust opacity is as-
sumed to vary as a power-law of the wavelength, with a spectral
index () of 2.8 and a dust opacity at 250 GHz of 1 gcm™2. The
values of N(H,) and 8 were adjusted so that the continuum ob-
served with HIFI towards that source is reproduced well by our
model.

The external layer has the same H, column density, so that
the total column density is 1.3 x 10?* cm~2 or 140 mag of visual
extinction. We modelled the emergent telescope-convolved
spectrum of all the observed transitions of ammonia, by solving
the radiative transfer with the Monte-Carlo code RATRAN
(Hogerheijde & van der Tak 2000). The collisional rates for
NH;-H,(p) are taken from Maret et al. (2009). The o/p of NH,
was fixed at 0.7, as predicted by our chemistry model. The free
parameters are the density, the gas temperature, and the NH,
column density in the external, absorbing, layer. The radii are
set by the H, column density and the density of that layer. The
emergent spectra were then fitted simultaneously to match the
observed ones, and a /\(2 used to select the best-fit model. We
found that the self-absorbed profile of the 1-0 transition tightly

constrains the H, density in the outer layer to less than 10* cm™>,
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since for higher densities the predicted profile no longer shows
absorption. As a result, the absorbing ammonia molecules re-
side in the most external layer of the circumbinary envelope of
IRAS 16293-2422.

An ensemble of solutions is then found for the ammonia col-
umn density and the kinetic temperature, with the best agreement
corresponding to N(NH;) = 1.4 X 10 cm™ and T =11 K, re-
spectively (see Fig. A.1). This column density is a factor of 2.5
below the lower limit of Hily-Blant et al. (2010a). A cross-check
of the best agreement was performed by computing the emer-
gent hyperfine spectra of NH. To this aim, we used the LIME ra-
diative transfer code (Brinch & Hogerheijde 2010), which takes
line blending into account. The collisional rates for NH-H,(p)
are scaled from the NH-He rates of Dumouchel et al. (2012) by
applying the standard reduced mass ratio of 1.33. The model
that best reproduces the three hyperfine multiplets of NH (see
Fig. A.2) has a column density of NH in the foreground layer
of 2.0 x 10 cm~2, in excellent agreement with the determina-
tion of Bacmann et al. (2010) based on the “HFS” method of the
CLASS software. Therefore this simple 2-layers model succes-
fully reproduces both the NH and NHj3 spectra. The NH, (o) col-
umn density was not re-analysed owing to the lack of collisional
rates. However, the column density of NH,(o) was derived by
Hily-Blant et al. (2010a) using the same method and under the
same assumptions as those for NH by Bacmann et al. (2010),
and is thus expected to be reliable as well. In addition, here, we
assumed an o/p(NH,) of 2 to estimate the total column density
of NH,,.
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Fig. A.1. Comparison between the observed
NHj; spectrum (black) from Hily-Blant et al.
(2010a) and the best-fit model (red). The +
and — signs in the transition labelling are the
same as in Maret et al. (2009).

Fig. A.2. Same as in Fig. A.1 for the NH mul-
tiplets, using the same physical model as for
NH; and adopting a single NH column density
of 2.2+ 0.8 x 10" cm=.

A83, page 15 of 20


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322386&pdf_id=6
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322386&pdf_id=7

Appendix B: Chemical updates

A&A 562, A83 (2014)

Table B.1. New ion-neutral chemical reaction rates and ortho-para branching ratios.

Chemical reactions” B b% o References  NSBR‘
cm?s7! cm?®s7!
Formation of H}
Hj (o) H,(0) — Hj(o) H 1.40(-9) 0.00 0.00 1.40(-9) 1 2/3
Hj (o) H,(0) — Hji(p) H 7.00(-10)  0.00 0.00  7.00(-10) 1 1/3
Hj (o) H,(p) — Hj(o) H 7.00(-10)  0.00 0.00  7.00(-10) 1 1/3
Hj (o) H,(p) — Hip) H 1.40(-9) 0.00 0.00 1.40(-9) 1 2/3
Hj (p) H,(0) — Hj(o) H 7.00(-10)  0.00 0.00  7.00(-10) 1 1/3
Hj (p) H,(0) — Hi(p) H 1.40(-9) 0.00 0.00 1.40(-9) 1 2/3
H; (p) H,(p) — Hip) H 2.10(-9) 0.00 0.00 2.10(-9) 1 1
Main ortho-to-para conversion reactions of H,
Hj (o) H,(0) — Hj(o) Ha(p) 9.67(-11) 0.00 -0.14 9.81(-11) 2
Hj (o) H,(0) — Hi(p) H,(o0) 4.00(-10)  0.00 -0.19 4.08(-10) 2
Hj (o) H,(0) — Hji(p) Ha(p) 1.04(-10) 0.00 -0.14 1.04(-10) 2
Hj (o) H,(p) — Hj(o) H»(0) 8.84(-10)  0.00 170 3.66(—-17) 2
Hj (o) H,(p) — Hip) H,(o0) 1.50(-9) 0.00 136.2 1.82(-15) 2
Hi(p) H,(0) — Hj(o) H»(0) 8.03(-10)  0.00 32.6  3.08(-11) 2
Hi(p) H,(0) — Hj(o) Ha(p) 3.46(-10) 0.00 -0.69 3.71(-10) 2
Hi(p) H,(0) — Hi(p) Ha(p) 2.98(-10) 0.00 -0.69 3.19(-10) 2
Hj(p) H,(p) — Hip) Ha(p) 5.88(=10) 0.00 1982 1.45(-18) 2
Hj(p) H,(p) — Hip) Hay(p) 8.16(-10)  0.00 1649 5.63(-17) 2
H* H.(0) — H*Y Ha(p) 1.82(-10) 0.13  -0.02 1.17(-10) 3
H* H(p) — Hf H,(o0) 1.64(-9) 0.13 170.5  4.15(-17) 3
HCO* H,(0) — HCO* Ha(p) 1.27(-10)  0.00 0.00  1.27(-10) 4
HCO* H,(p) — HCO* Ha(0) 1.14(-9) 0.00  170.5 4.49(-17) 4
Nitrogen hydrides formation

N* H,(0) — NH* H 4.20(-10) -0.15 441  8.50(-12) 5
N* H(p) — NH* H 8.35(-10) 0.00 168.5 4.02(-17) 5
NH* H,(0) — NHj(o) H 1.06(-9) 0.00 0.00 1.06(-9) 6 5/6
NH* H,(0) — NHj(p) H 2.13(-10)  0.00 0.00  2.13(-10) 6 1/6
NH* H,(p) — NH;(0) H 6.38(-10)  0.00 0.00  6.38(-10) 6 12
NH* H,(p) — NHi(p) H 6.38(-10)  0.00 0.00  6.38(-10) 6 12
NHj(o) Hy(0) — NHji(o) H 1.80(-10)  0.00 0.00  1.80(-10) 6 2/3
NHj(o) Hy(0) — NHi(p) H 9.00(-11)  0.00 0.00  9.00(-11) 6 1/3
NHj(o) Hy(p) — NHji(o) H 9.00(-11)  0.00 0.00  9.00(-11) 6 1/3
NHj(o) Hy(p) — NHi(p) H 1.80(-10)  0.00 0.00  1.80(-10) 6 2/3
NHj(p) Hy(0) — NHji(o) H 9.00(-11)  0.00 0.00  9.00(-11) 6 1/3
NHj(p) Hy(0) — NHi(p) H 1.80(-10)  0.00 0.00  1.80(-10) 6 2/3
NHj(p) Hy(p) — NHi(p) H 2.70(-10)  0.00 0.00  2.70(-10) 6 1
NHj(o) Hy(0) — NH;(/=2) H 1.40(-12)  0.00 0.00  1.40(-12) 6 7/12
NHj(o) Hy(0) — NH;(/=1) H 8.40(-13)  0.00 0.00  8.40(-13) 6 21/60
NHj(o) Hy(0) — NH;(/=0) H 1.60(-13)  0.00 0.00  1.60(-13) 6 1/15
NHj(o) Hy(p) — NH;(/=2) H 1.80(-12)  0.00 0.00  1.80(-12) 6 1/4
NHj(o) Hy(p) — NH;(/=1) H 6.00(-13)  0.00 0.00  6.00(-13) 6 3/4
NHj(o) Hy(p) — NH;(/=0) H 0.00 0.00 0.00 0.00 6 0
NHj(p) Hy(0) — NH;(/=2) H 4.00(-13)  0.00 0.00  4.00(-13) 6 1/6

Notes. Numbers in parentheses are power of 10.” o and p stand for ortho and para states respectively. As a spherical top with four identical
protons, the ammonium ion exists in three nuclear spin states noted as in Faure et al. (2013): para (I = 0), meta (/ = 2), and ortho (I = 1). We note
that the meta and ortho species are inverted in Rist et al. (2013). ®’ Rates k = a (T/300)° exp(—y/T) have been computed for a 10 K temperature.
© NSBR stands for nuclear-spin branching ratio. These were combined with the overall rate coefficients taken from the cited references, e.g.
Prasad & Huntress (1980). The integer ratios like e.g. 28/5/12 are normalized NSBR and stand for (28/5)/12 i.e. 28/60.

References. (1) Langevin rate: 2.10 x 1072 em’s71; (2) Hugo et al. (2009); (3) Honvault et al. (2011); (4) Langevin rate: 1.52 x 10~ em? s~!; (5) Dislaire et al.
(2012); (6) Anicich & Huntress (1986); (7) Prasad & Huntress (1980); (8) Marquette et al. (1989); (9) datasheet by Ian Smith from KIDA (Wakelam et al. 2012).
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Chemical reactions® a B b% o References  NSBR¢
cm?s7! cm?s7!
NHj(p) Hy(0) - NH;(=1 H 1.68(-12) 0.00 0.00 1.68(-12) 6 21/30
NHj(p) Hy(0) - NH;(=0) H 3.20(-13) 0.00 0.00 3.20(-13) 6 2/15
NHj(p) Ha(p) - NH;(I=2) H 0.00 0.00 0.00 0.00 6 0
NHj(p) Ha(p) - NH;(=1 H 1.44(-12) 0.00 0.00 1.44(-12) 6 3/5
NHi(p) Ha(p) - NH;(=0) H 9.60(-13) 0.00 0.00 9.60(-13) 6 2/5
Destruction of nitrogen hydrides by Hj, HCO", and N,H*

H}(p) NH —  NH;(p) H,(p) 1.63(-10) 0.00 0.00 1.63(-10) 7 1/8
H}(p) NH —  NH;(0) H,(p) 3.25(-10) 0.00 0.00 3.25(-10) 7 1/4
H}(p) NH —  NH;(p) H,(0) 3.25(-10) 0.00 0.00 3.25(-10) 7 1/4
H}(p) NH —  NH;(0) H, (o) 4.88(-10) 0.00 0.00 4.88(-10) 7 3/8
H}(p) NH,(p) — NHj(p) H,(p) 7.20(-10) 0.00 0.00 7.20(-10) 7 8/5/4
H}(p) NH,(p) — NHj(p) H,(0) 7.20(-10) 0.00 0.00 7.20(-10) 7 8/5/4
H(p) NH,(p) — NHj(o) H, (o) 3.60(-=10) 0.00 0.00 3.60(-10) 7 4/5/4
H}(p) NH,(0) — NHj(p) H, (o) 8.40(-10) 0.00 0.00 8.40(-10) 7 28/5/12
H}(p) NH;(0) — NHj(o) H, (o) 4.20(-10) 0.00 0.00 4.20(-10) 7 14/5/12
Hi(p) NH,(0) — NHj(p) H,(p) 2.40(-10) 0.00 0.00 2.40(-10) 7 8/5/12
Hi(p) NH;(0) — NHj(o) H,(p) 3.00(-=10) 0.00 0.00 3.00(-10) 7 2/12
Hi(p) NHs3(p) — NH;(/=0) Ha(p) 9.10(-=10) 0.00 0.00 9.10(-10) 8 8/5/16
Hi(p) NHi3(p) — NH;(I=1) Ha(p) 2.28(-9) 0.00 0.00 2.28(-9) 8 4/16
Hi(p) NHi(p) — NH:(I=0) Hy(0) 1.52(=9)  0.00 0.0 1.52(~9) 8 8/3/16
Hi(p) NHs(p) — NH:(=1) Ha0) 3.64(=9)  0.00 000  3.64(=9) 8 32/5/16
Hi(p) NHy(p) — NH;(I=2) Hyo) 7.58(=10)  0.00 0.00 7.58(—10) 8 4/3/16
Hi(p)  NHy0) — NH;(I=0) Hyo) 7.58(=10)  0.00 0.00 7.58(—10) 8 4/3/16
Hi(p) NHs0) — NH:(=1) Hy(0) 4.55(=9)  0.00 0.00 4.55(-9) 8 8/16
Hi(p) NHs0) — NH:(I=2) Hs(0) 1.52(=9)  0.00 0.0 1.52(~9) 8 8/3/16
Hi(p) NHs0) — NH:(I=2) Ha(p) 1.14(=9) 000 0.00 1.14(-9) 8 2/16
Hi(p) NHs0) — NH:(I=1) Hap) 1.14(=9) 000 0.00 1.14(-9) 8 2/16
Hi(0) NH - NHI(p) H,(0) 1.63(=10)  0.00 0.00 1.63(—10) 7 1/8
Hi() NH - NH(0) H,(0) 9.75(=10)  0.00 0.00 9.75(~10) 7 6/8
Hi(0) NH - NH(0) Ha(p) 1.63(=10)  0.00 0.00 1.63(—10) 7 1/8
Hi(0) NHyp) — NHI(0) Ha(p) 450(=10)  0.00 0.00 4.50(—10) 7 1/4
Hi(0) NHyp) — NHI(p) H,(0) 9.00(=10) 0.00 0.00 9.00(~10) 7 2/4
Hi(0) NHyp) — NHI(0) H,(0) 450(=10)  0.00 0.00 4.50(—10) 7 1/4
Hi(0) NHy0) — NHI(p) Ha(p) 120(=10)  0.00 0.00 1.20(—10) 7 4/5/12
Hi(0) NHy0) — NHI(p) H,(0) 420(=10)  0.00 0.00 4.20(-10) 7 14/5/12
Hi(0) NHy0) — NH(0) Ha(p) 1.50(=10)  0.00 0.00 1.50(—10) 7 1/12
Hi(0) NHy0) — NH(0) H,(0) L11(=9) 000 000 1.11(=9) 7 37/5/12
Hi(0) NHi(p) — NH:(=1) Hap) 1.14(=9) 000 0.00 1.14(-9) 8 2/16
Hi(0) NHi(p) — NH:(I=2) Ha(p) 1.14(=9) 000 0.00 1.14(-9) 8 2/16
Hi(0) NHy(p) — NH;(I=0) Hyo) 7.58(=10)  0.00 0.00 7.58(—10) 8 4/3/16
Hi() NHi(p) — NH:(=1) Hy0) 4.55(=9)  0.00 0.00 4.55(-9) 8 8/16
Hi(0) NHi(p) — NH:(I=2) Hs0) 1.52(=9)  0.00 0.0 1.52(~9) 8 8/3/16
Hi(0) NHz0) — NH;(I=0) Hyp) 228(=10)  0.00 0.00 2.28(~10) 8 2/5/16
Hi(0) NHs0) — NH:(=1) Ha(p) 569(-10)  0.00 0.00 5.69(~10) 8 1/16
Hi(0) NHs0) — NH:(I=2) Ha(p) 569(-10)  0.00 0.00 5.69(~10) 8 1/16
Hi(0) NHs0) — NH:(I=0) Hy(0) 379(=10)  0.00 0.00 3.79(~10) 8 2/3/16
Hi(0) NH;0) — NHi(I=1) Hy(0) 262(=9)  0.00 000 2.62(~9) 8 23/5/16
Hj (o) NHi(0) — NH;(/=2) Hy(o) 4.74(-9) 0.00 0.00 4.74(-9) 8 25/3/16
HCO* NH —  NH;(p) CO 1.60(-=10) 0.00 0.00 1.60(-10) 7 1/4
HCO* NH —  NH;(0) CO 4.80(-10) 0.00 0.00 4.80(-10) 7 3/4
HCO* NH,(p) — NHj(p) CO 8.90(-10) 0.00 0.00 8.90(-10) 7 1/1
HCO* NH,(0) — NHj(p) CO 3.00(-=10) 0.00 0.00 3.00(-10) 7 1/3
HCO* NH;(0) — NHj(o) CO 5.90(-10) 0.00 0.00 5.90(-10) 7 2/3
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Chemical reactions® B Y kb References  NSBR¢
cm?s7! cm?s7!
HCO* NH3(p) — NH;(/=0) CO 4.80(-10) 0.00 0.00 4.80(-10) 6 1/4
HCO* NH3(p) — NH;(/=1) CO 1.40(-9) 0.00 0.00  1.40(-9) 6 3/4
HCO* NHj3(0) — NH;(/=1) CO 7.10(-10) 0.00 0.00 7.10(-10) 6 3/8
HCO* NHj3(0) — NH;(/=2) CO 1.20(-9) 0.00 0.00  1.20(-9) 6 5/8
N,H* NHi;(p) — NH;I=0) N, 5.75(-10) 0.00 0.00 5.75(-10) 6 1/4
N,H* NHi;(p) — NH;d=1) N, 1.73(-9) 0.00 0.00 1.73(-9) 6 3/4
N,H* NH3(0) — NH;(I=2) N, 8.63(-10) 0.00 0.00 8.63(-10) 6 3/8
N,H* NH3(0) — NH;d=1 N, 1.43(-9) 0.00 0.00 1.43(-9) 6 5/8
Hj +0

Hj(o) O — OH* H,(0) 7.98(-10) -0.156 1.41 1.18(-9) 9 1
Hi(o) O — H,O* H 3.42(-10) -0.156 1.41 5.05(-10) 9
Hip) O — OH* Hs(0) 3.99(-10) -0.156 1.41 5.89(-10) 9 12
Hip) O — OH* Ha(p) 3.99(-10) -0.156 1.41 5.89(-10) 9 12
Hip) O — H,O* H 3.42(-10) -0.156 1.41 5.05(-10) 9
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Table B.2. New dissociative recombination (DR) reaction rates and branching ratios.

Chemical reactions® a B v Kb References  NSBR¢
cm’s7! cm’s7!
DR of H}
Hj (o) e”  —  Hyo) H 251(-8) 0.16 -1.01 1.61(-8) 1,2 1
Hj (o) e — H H H 487(-8) 0.16 -1.01 3.13(-8) 1,2
Hi(p) e — Hy(o) H 0.92(-8) —-0.73 098  9.94(-8) 1,2 12
Hi(p) es —  Hp) H 0.92(-8) -0.73 098  9.94(-8) 1,2 12
Hj(p) e — H H H 3.56(-8) -0.73 098  3.86(-7) 1,2
DR of nitrogen hydrides
N,H* es - N H 277(-7) -050 0.00 3.43(-6) 3
N,H* e — NH N 2.09(-8) -0.50 0.00  2.59(-7) 3
NHj (o) e — NH H 1.17(=7) -0.50 0.00 6.41(-7) 4,5
NH; (p) e~ — NH H 1.17(=7) -0.50 0.00 6.41(-7) 4.5
NH; (o) e — N H H 1.71(-7) -050 0.00 9.37(-7) 4.5
NH; (p) e~ — N H H 171(-7) -0.50 0.00 9.37(-7) 4.5
NHj (o) e — N H»(0) 1.20(-8) -0.50 0.00  6.57(=8) 4,5
NH; (p) e — N Ha(p) 1.20(-8) -0.50 0.00 6.57(-8) 4.5
NH} (p) e — NHxp) H 7.75(-8) -0.50 0.00  4.25(-7) 6 12
NH] (p) e” — NHy(0) H 7.75(-8) -0.50 0.00  4.25(-7) 6 1/2
NH (o) e — NHy(0) H 1.55(=7) -0.50 0.00  8.49(-7) 6 1
NH] (p) e — NH H H 155-7) -0.50 0.00 8.49(-7) 6
NHj (o) e — NH H H 1.55(-7) -050 0.00 8.49(-7) 6
NH; (I=2) e — NHy0) H H 122(-7) -0.60 0.00 9.39(-7) 7 1
NH; (I=1) e — NHyo0 H H 8.07(-8) -0.60 0.00 6.21(-7) 7 2/3
NH;y (I=1) e — NHyp H H 4.03(-8) -0.60 0.00 3.10(-7) 7 1/3
NH; I=0) e — NHyo0) H H 6.11(-8) -0.60 0.00 4.70(-7) 7 1/2
NH; (I=0) e — NHyp H H 6.11(-8) -0.60 0.00 4.70(-7) 7 1/2
NH; I=2) e — NHy(0) H(0) 1.88(-8) —-0.60 0.00  1.45(-7) 7 1
NH;y (I=1) e — NHy(0) Hy(0) 6.27(-9) -0.60 0.00 4.83(-8) 7 1/3
NH; I=1) e — NHy0o) H(p) 6.27(-9) -0.60 0.00 4.83(-8) 7 1/3
NH;y (I=1) e — NHy(p) Hy(0) 6.27(-9) -0.60 0.00 4.83(-8) 7 1/3
NH; I/=0) e — NHy(0) Hy(0) 9.40(-9) -0.60 0.00  7.23(-8) 7 1/2
NH; (/=0) e — NHxp) Hap) 9.40(-9) -0.60 0.00 7.23(-8) 7 12
NH; (I=2) e — NH30) H 8.00(-7) -0.60 0.00 6.16(-6) 7 1
NH; (/=1) e — NH30) H 2.66(=7) -0.60 0.00 2.05(-6) 7 1/3
NH; (I=1) e — NHi(p) H 533(-7) -0.60 0.00 4.10(-6) 7 2/3
NH; I=0) e — NHi(p) H 8.00(=7) —-0.60 0.00 6.16(-6) 7 1
DR of H30+
H;0* e — OH Ha(0) 3.00(-8) -0.50 0.00 1.64(-7) 6 1/2
H;0* e” — OH Ha(p) 3.00(-8) -0.50 0.00 1.64(-7) 6 12
H;0* e — OH H H 260(-7) -0.50 0.00 1.42(-6) 6
H;0* e- — HO H 1.10(=7) -0.50 0.00  6.03(=7) 6
H;0* es —  Hy(o) H O 280(-9 -050 0.00 1.53(-8) 6 1/2
H;0* es —  Hp) H O 280(-9) -050 0.00 1.53(-8) 6 12

Notes. Numbers in parentheses are power of 10. o and p stand for ortho and para states respectively. As a spherical top with four identical
protons, the ammonium ion exists in three nuclear spin states noted as in Faure et al. (2013): para (I = 0), meta (/ = 2), and ortho (I = 1). We note
that the meta and ortho species are inverted in Rist et al. (2013). ) Rates k = a (T/300)° exp(—y/T) have been computed for a 10 K temperature.
© NSBR stands for nuclear-spin branching ratio. These were combined with the overall rate coefficients taken from the cited references, e.g.
Dos Santos et al. (2007).

References. (1) Dos Santos et al. (2007); (2) McCall et al. (2004); (3) Vigren et al. (2012); (4) Mitchell (1990); (5) Thomas et al. (2005); (6)
Jensen et al. (2000); (7) Ojekull et al. (2004).
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Table B.3. Neutral-neutral chemical reaction rates and branching ratios considered.

Chemical reactions a B y k¢ References
cm?s7!

N to N, conversion
N OH —-» NO H 8.9(-11) 020 0.00 4.5(-11) datasheet by Bergeat from KIDA?
N NO — N, (0] 7.2(-11) 044 12.7  4.6(—12) fit of calculations from Jorfi & Honvault (2009)
N CN - N, C 8.8(-11) 042 0.00 2.1(-11) Daranlot et al. (2012)
N CH - CN H 1.7(-10)  0.18 0.00 9.0(-11) datatsheet by Smith & Loison from KIDA?
C NO - CN O 6.0(-11) -0.16 0.00 1.0(-10) Chastaing et al. (2000); Bergeat (1999)
C NO - CO N 9.0(-11) -0.16 0.00 1.6(-10) Chastaing et al. (2000); Bergeat (1999)

O to O, conversion
O OH -» 0O, H 4.0(-11) 0.00 0.00 4.0(-11) datasheet by Loison et al. from KIDA”

Notes. Numbers in parentheses are powers of 10. (@ Rates of the form k = a (T /300) exp(—y/T) have been computed at 10 K. ®> Wakelam et al.

(2012).
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