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ABSTRACT

Nitrogen bearing species are common tracers of the physiralitions in a wide variety of objects, and most remarkablgark
clouds. The reservoir of gaseous nitrogen is expected tdadmi@or molecular, but none of the two species are obsesviabihe
dark gas. Their abundances therefore derive indirectinfittose of N-bearing species through chemical modelling.rEoent years
have accumulated data which stress our incomplete unddistpof the nitrogen chemistry in dark cloud conditions.tdckle this
problem of the nitrogen chemistry in cold gas, we have revise formation of nitrogen hydrides, which is initiated thetkey
reaction N + H, — NH* + H. We propose a new rate for this reaction which depends oorthe-to-para ratio of Kl This new
rate allows to reproduce the abundance ratios of the thtemgen hydrides, NH, NH and NH,, observed towards IRAS16293-2422,
provided that the channel leading to NH from the dissoagatcombination of hH* is not closed at low temperature. The ortho-
to-para ratio of H is constrained to P = 10°% by the abundance ratio NH:NHwhich provides a new method to measurgPO
This work stresses the need for reaction rates at the lowdspes of dark clouds, and for branching ratios of ciititssociative
recombination reactions.

Key words. ISM: Astrochemistry, abundances, ISM individual objetfAS 16293-2422

1. Introduction CN is also a precious molecule which serves as a tracer of the
magnetic fields through Zeeman splitting (Crutcher et al®@0
Understanding the chemistry of nitrogen is thus crucial angn
astrophysical areas.

Chemistry in an astrophysical context is not only a mattet-in
self but also provides invaluable tools to determine phatgion-
ditions such as volume density and kinetic temperaturegiBer
& Tafalla 2007). Astrochemistry relies on chemical network ~Ammonia and NH* are daughter molecules of,Nwhich
which depend on the type of environmeaty diffusevs dense forms from atomic N through neutral-neutral reactions rasti
gas). The kinetic rates of the reactions are, in the besiscad®y CN and NO (Pineau des Foréts et al. 1990). The formation
based on thermodynamical and quantum mechanical calcd.CN and the related HCN and HNC molecules, and in par-
tions and experiments, which make the setup of such chemitigular their abundance ratio CN:HCN, are however not fully
networks an extremely demanding process. Various such rigtderstood (Hily-Blant et al. 2010b). The formation of ammo
works of reactions are publicly available (KIDA, UMIST, 08U nia in dark and dense gas is thought to take place in the gas
Flower & Pineau des For&s with various degrees of complex-phase. Once Nexists in the gas phase, it reacts with*Hens
ity andor completeness regarding specific aspects of the chefgrmed by cosmic-ray ionization, to form*™Nwhich by subse-
istry (e.g. deuteration, cations...). quent hydrogen abstractions lead to NEnd finally NH, by

The nitrogen element is among the 5th or 6th most abuf@issociative recombination. Le Bourlot (1991) (LB91 in tiee
dant in the Solar neighbourhood, after H, He, C, O, and profainder of the paper) was the first to investigate the inflaeric
ably Ne (Asplund et al. 2009; Nieva & Simon-Diaz 2011). Ithe H, ortho-to-para ratio (noted ) on the formation rate of
the cold neutral medium, nitrogen is expected to be predorNH;. LB91 considered the conversion betweertH and o-H,
nantly atomic or molecular, but direct observations of N gr Nthrough proton exchange in the gas phase. He concluded that
are not possible. The amount of gaseous nitrogen thus reNgden QP > 1073, the formation of ammonia no longer de-
on the abundances of N-bearing moleculischemical mod- Pends on the value of ®. However, a better test of the nitro-
els. Nitrogen bearing molecules are observed in a wide va@en chemistry is provided by the simultaneous observaténs
ety of physical conditions. Molecules such as CN, HCN, ar®ll three nitrogen hydrides, NH, NiHHand NH, (e.g., Persson
HNC, with large permanent dipole moments, are detected &-al- 2010). The HerschellF| instrument has opened the THz
wards difuse clouds (Liszt & Lucas 2001), dense cores (Tafallindow which contains the fundamental rotational transis
et al. 2004), protoplanetary disks (Kastner et al. 2008)raghl- of I|ght molgcules with large electric dipole moments sueh a
z galaxies (Guélin et al. 2007). N-bearing species, suth,b¢  hydrides. Hily-Blant et al. (2010a, Paper | in what follows)
(and its deuterated isotopologues), are alfiwient tracers of have detected NH, Nii and NH, in the cold envelope of the
the dense and cold gas where CO has already frozen-out {Cr&gass O protostar IRAS16293-2422. The hyperfine struciofres

et al. 2007; Hily-Blant et al. 2008, 2010b). The cyanide catli the N = 1 — 0 transitions of NH and Nk are seen for the
first time, in absorption, and allow a precise determinatibn

1 http://kida.obs.u-bordeauxl. fr, http://www.udfa. their excitation temperaturd ) and line centre opacity. Four
net/, http://www.physics.ohio-state.edu/~eric lines of ammonia are also detected in absorption, plus thesfu
2 http://massey.dur.ac.uk/drf/protostellar/ mental rotational transition at 572 GHz which evidencesla se
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Fig. 2. Comparison of the rate cfiiient for reaction (1) as given by
Fig. 1. Comparison of the rate cficient as given by Eq. 3 to experi- Eq. 3 to the rates from LB91 (dashed) and the OSU database (dot
mental data for the reaction of*Nvith n—H, and p-H, with different dashed). The rates are computed for temperatures in the 80 K
0-H, admixtures: 13%, 3%, 0.8%, and 0% (blue line). The small synand QP = 104, 103, 0.01, 0.1, and 3 (black lines). The symbols show
bols are taken from Gerlich (1993) while the large trianglesCRESU the fits from Marquette et al. (1988) for normaj tted circles, QP=3)
results from Marquette et al. (1988). The solid lines cqroesl to Eq. 3 and p-H (blue triangles).
of the present paper.

. _ . the 170.51 K internal energy of th& = 1 level of o-H,
absorbed line profile, likely tracing both warm and cold §a8. 5 sed to overcome the endothermicity. Accordingly, the ra
all three molecules, excitation temperatures were founthén ¢ raaction (1) was written akiger = 8.35x10°1x + (1 —
range 8-10 K (Paper I). The der_ived column density ratios ay exp(-1685/T)], wherex = O/P/(1 + O/P) is the fraction
NH - NH, - NH; = 5 : 1 : 300. Whilst abundances are generallyt o_{ Actually, the expressions fég, andk, allow to derive
delicate to derive because the column density pisHincertain, o simple expression fd, the reaction rate of Nwith o-H.,,
the column density ratios above provide a stringent testHer namelyk, = 3/4k, + 1/4k, (Gerlich 1989). For @P=3:1 ar21d
first steps of the nitrogen chemistry and for the ammonia sy e mperatures less than40 K, the rate is essentialky, and
thesis in particular. Indeed, the current nitrogen netwm\lgi_ll- ks is thus a good approximation & at the low temperatures
able all produce more Njthan NH under dark cloud conditions T 15 k) of dark clouds. Alternatively, a single-exponential fi

(Paper I), at odds with the observations. to k, leads to (see Fig. A.1)
In this Letter, we investigate the NH:NHroblem in dark
gas, by revisiting the kinetic rate for the reaction ko = 4.2x10710 (T/300)_0'17 exp[-44.5/T] cmist @)
N*+H, — NH" +H (1) The rate for reaction (1) with angadmixture of arbitrary @QP

We derive separate rates for reaction with p- antigfor which is then obtained as

the nuclear spin = 0 and 1 respectively. In Section 2 we deg, = xk, + (1 - x) Ko (3)
scribe the new rates which are compared to experimental mea-
surements and derive the abundances of nitrogen hydridgs-in In Figure 1, the rat&; from Eqg. 3 is compared to the experimen-
ical dark cloud conditions. The results are discussed iti@e8 tal data of Marquette et al. (1988) for the reaction with rd pn
and we propose conclusion remarks in Section 4. H, down to 8 K and 45 K respectively. Gerlich (1993) performed
experiments with AH, and with p-H,, containing admixtures of
. . 0-H, (13%, 8%, and 0.8%), at temperatures down to 14 K. The
2. Chemical modelling agreement between our Eq. 3 and the three setsdf plata of
2.1. Rate of reaction N* + H, Gerlich (1993) is excellent at temperatures below 20 K, and t
. o ) within a factor of 2 up to 100 K. This suggests that Eq. 3 should
Reaction (1) has a small activation energy in the range 13§ accurate to within a factor of 2-3 down to 10 K. On the other
380 K (Gerlich 1993), with a consensus now tending towar@ignd, this rate should not be employed abevis0 K.
a value below 200 Kgg. Gerlich 2008). This reaction has been \we compare, in Fig. 2, the rate given by Eq. 3 to
studied experimentally by Marquette et al. (1988) who ansik .., and to the rate given by the OSU databdsgy =
ered pure para-Fand a 3:1 mixture of o- andH,, referedto as 8 35x1071° exp[-85/T]cm? s1. The rate is computed for sev-
normal K (n—H,). These authors fitted the two rates with norera| values of @P. As expected, it converges towards the n-H
mal and p-H, ask, = 416x107%exp[-419/T]  cm®s' and p-H rates for large (@P=3) and small (QP=10"%) val-
and k, = 8.35x1071° exp[-1685/T] cmisl. The rate ues respectively. It is evident that LB91 overestimatedritie
with p-H, was used by LB91, who assumed that the reacti@f reaction (1) by several orders of magnitude at tempegatur
with 0o—H, proceeds with no endothermicity, on the basis thatmaller than 20 K. In warmer ga$ ¢ 20 K), k; andk g1 agree
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Table 1. Initial gas phase fractional abundanceéx)/ny) from Flower the chemical network until steady-state is reached. Freazef

& Pineau des Foréts (2003) withy = n(H) + 2n(H). For compari- gas-phase species onto dust grains are ignored in this Wwork.
son, the fractional abundances from the Ic_)w-metal model akédam \what follows, the quoted abundances Correspond to the)&tead

& Herbst (2008) are also given. Numbers in parentheses avers®f  state. The initial fractional elemental abundancggi) are the

10. gas phase abundances taken from Flower & Pineau des Foréts
(2003, hereafter FPdF03) who considered the depletion 6f me

Species  Flower 2003  Wakelam 2008 als in grain mantles, grain cores, and PAHs (see Table 1x€The
H 050 0.50 abundances ffer from those ado_pted _in_Paper I (V\_/ake_lam &
H2e 0.10 0.14 Herbst 2008). The rates for the dissociative recombinagen-

N 6.39(-5) 2.14(-5) tions are those of the model 1 of Paper I. From the above, the
0 1.24(-4) 1.76(-4) rate for the key reaction (1) depends on th&PQvhich is not

ct 8.27(-5) 7.30(-5) known, but which might strongly dier from the thermodynami-

St 1.47(-5) 8.00(-8) cal equilibrium value (Maret & Bergin 2007; Pagani et al. 200

Sit 8.00(-9) 8.00(-9) Troscompt et al. 2009) which is 107 at 10 K. The steady-state
Fer 3.00(-9) 3.00(-9) abundances of NH, Nfiand NH, have thus been computed for
Mg* 7.00(-9) 7.00(-9) various values of ¢P in the range 10 to 3.

In this work, the DR of NH has three output channels,
NH; + H, NH, + H,, and NH, + H + H (Ojekull et al. 2004).
to within a factor of 10 or less, whilst the OSU rate approachéiowever, another channel may be NH + H, (Adams et al.
the O/P=3 curve. The OSU rate thus amounts to assuri@ 01991), but to our knowledge, no branching ratio is available
ratios larger than 0.01, whereas LB91 provides acceptabds r the litterature. Values up to 10% may be considered in a éutur
only at temperatures larger than 20 K. work.

We first consider the case where the DR gHN produces
only N, + H (Adams et al. 2009). The resulting abundances are
the dashed lines in Fig. 3. It appears that th#@ontrols the
In this work, we wish to reproduce the ratios NH:NNH; ob- abundances of NH, Nij and NH, but the ratios NH:NH and
served in the cold envelope of IRAS16293-2422 (Paper |). TAdH;:NH, are insensitive to ¢P. In a second series of calcula-
fundamental hyperfine transitions of NH, Nidnd several tran- tions, the NH+ N channelis given a 10% branching ratio for the
sitions of NH, have been detected in absorption. Absorption R of N,H™. In this case, the abundance of NH is nearly inde-
interpreted as resulting from the low temperature of thergtee - pendent of @P, while the abundances of Niand NH; remain
envelope seen against the warmer continuum emitted by ste dunafected (full lines in Fig. 3. As a consequence, it is found
closer to the protostar. The gas density is low4-1@° cm™3) that for O/P < 0.03, NH : NH, > 1. In Paper | though, opening
as compared to the critical density of the detected tramsiti this channel did not solve the NH:Nhbroblem, which contrasts
(> 10’ cm3) which ensures that collisions do not govern th@ith the above result. This may be understood as follows.Whe
(de)excitation processes. TiNe = 1 — 0 transitions are there- the NH+ H channel of the dissociative recombination of-N
fore thermalized with the dust emission temperature whiith, is opened with a 10% braching ratio, the corresponding sate i
the THz domain, correspond to excitation temperatureedios ~ 5.5x10° cm®s™t, several orders of magnitude larger than
a kinetic temperature of 10 K. The lines are Gaussian and (&€ Fig. 2). Hence this channel, which is insensitive 10
not show signatures of strong dynamicékets such as infall. dominates the formation of NH over NH- e™. In contrast, the
Dynamical timescales are then expected to be large witreogspother hydrides NH and NH, are daughter molecules of NH
to the free-fall time. The observed lines therefore traceld ¢ which is formed from N + H, whose rate does explicitely de-
gas, moderately dense, free of dissociating photons, ardevhpend on QP in the present work. Hence the abundances of NH
the ionization is driven by cosmic rays. and NH, do also depend on . On the other hand, at the tem-

The main point raised by Paper | is that the observed mperature of 10 K and @ < 1073, the revised raté; (Eq. 3) is
tios NH:NH,:NH,=5:1:300 could not be reproduced by chemiat least an order of magnitude smaller than the OSU rate nsed i
cal networks updated regarding the rates of the dissoeiagiv Paper |. For larger @, the rate is similar or even larger up to
combination (DR) reactions leading to NH, MHind ammonia. a factor of 10. These twofkects, namely the drop & for low
Paper | considered three models, with varying branchiriggat O/P, and the @P-independant formation of NH, makes it possi-
for some DR reactions. Whilst the NHNH3 abundance ratio ble to produce a NH:NKratio with values greater than unity. In
could be reproduced in all three cases, no model was ablethe following we keep the NH N channel opened to 10% and
producé [NH] > [NH,]. These models used the OSU rate foexplore some consequences of this result.
reaction (1) which was shown in Sec. 2.1 to depart from the mea
sured rate by several orders of magnitude in cold gas gl O, _. .
smaller than 0.01. The next Section explores the consequﬂnc3' Discussion
the new rate given by Eq. 3 on the abundances of the nitrogen. The H, O/P ratio in dark clouds
hydrides, in typical dark cloud conditions. i ) .

We have performed chemical calculations in a ga¥ at Computing the abundance ratios NH:Néhd NH;:NH; for dif-
10 K, with densityny = 10* cm3. The gas is screened byfgrentQ’P ratios leads to the left panel of Fig. 4. The initial frac-
10 mag of visual extinction, such that the ionization is @ity tional abundances are kept fixed, while the rate of reacfiprs(
due to cosmic rays at an adopted rate 1.3x10° s'1. Gas- calculated for values of @ from 107 (close to the Boltzmann

phase abundances are computed as a function of time by golWalue at 10 K) to 3. The calculated ratios are compared with
the observational constraints. As expected, the;NH,, ratio

3 Hereafter, the fractional abundance of species X is notddafid IS insensitive to QP variations. It is equal to 10, not consistent
equalsn(X) /ny. with the observed value of 300. On the contrary, the NH;NH

2.2. Abundance of nitrogen hydrides
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In the process, NH:NHremains constant. When C:O is now

107 £ ‘ ‘ W/ ‘ ‘ 4 increased above 0.66, both ratios decrease, by at mosta fact
< F 3 2 to 5. It is thus apparent that, when [O] is increased, the C:O
S 00 L ] ratio controls the NGNH, ratio. On chemical grounds, the C:O
k= ratio is expected to influence the abundance of, NiIr which
8 g 1 the main destruction routes involve oxygen to form NO, NH] an
s 07F w 3 HNO. Similarly, NH is mostly removed by reaction with oxygen
s f U * ] to form principally NO. However, when oxygen is significantl
< 107 E a g E depleted from the gas phase (C:00.5), another destruction
g | e NHy 17777 3 route of NH, involving sulfur, becomes important. As a resul
g 10 E L NH, E the NH:NH, ratio is mostly insensitive to C:O, until Cx00.5
I i e NH SR ] when it starts to decrease by small factors.

T T 1 1 1 1 1 . The situation is dferent for NH, which is destroyed by

charge transfer reactions with*Hand S and by proton ex-

107 10® 10° 10* 10° 102 10 10° 10t

0-Hy | p-Hy change reactions with Hand HCO, forming notably NH,

which dissociates back into NHand NH;. A fraction of NHj

. . . _will lead to NH, and NH which are the true destruction chan-
Fig.3. Steady-state abundances (with respect to H nuclei) ofgeio ne|s of ammonia. The abundance of Nisithus only marginally
hydrides as a function of @, in a 10 K gas witm,= 10" cm™®, and  agected by the change in C:O, uniess the ionization fraction

— 17 &1 i H H
gr;nclh?nzlgtiossfo.r J]gecaztﬁngigﬁicg? n_(_})N'; El\r\llegr:)c/oigi di'r;‘j":'ois modified, which is the case for low C:O ratios. An increase

0% (dashed lines) and 10% (full lines). The observed abweafltom of the oxygen abundanced a decrease of C:O) is accompa-

Paper | are also indicated (filled rectangles). nied by a deacrease of fg or equivalently [S] — the dom-
inant ion — which makes the abundance of Ntd increase.

Consequently, as C:O decreases below 0.66, NH Rétgps con-
stant and NH:NH, increases by more than one order of magni-
tude. Whereas when C:O increases, NH;Ni¢creases by less
than a factor 10, whilst NEINH,, is approximately constant.

ratio shows two regimes: for ® < 10°°, NH:NH, ~ 50,
and for QP > 0.1, NH : NH, = 0.07. The observed ratio of
5 is intermediate, and indeed well constrains th@®®@ 1073.
From Fig. 4, we conclude that there is a range ¢PQor which
[NH] > [NH,] and [NH] < [NH,] simultaneously. In our case,
this range is QP = 5x10* — 0.02. The QP ratio appears as a
control parameter for the NH:NHatio, and allows for the first Using an updated rate for reaction (1) with an explicit de-
time to produce more NH than NHConversely, the measurependence on the /@ ratio, we have shown that the/® of

of NH:NH, tightly constrains the {P ratio. We note that the H, controls the ratio NH:NH in dark clouds without iect-
fractional abundance of Ntbf 1.9x107°, measured by Crapsi ing the NH,;:NH, ratio. A value of QP close to 16° leads to
etal. (2007) towards the starless core L 1544, correspor@is t NH : NH, > 1 and NH, : NH, < 1 as observed. Interestingly,
O/P = 107 - 102 This ratio is a factor of 10 larger than thethis value of QP is close to the predictions of Flower et al.
corresponding ratio from the model of LB91. Itis thus fouhaltt (2006, their Fig. 1) under similar conditions. In additionea-
reaction (1) regulates the formation of Nieind NH, whilst the - suring the NH:NH ratio may be a new method to constrain the
formation of NH is controlled by the dissociative recomltioa  O/P ratio of H; in dark clouds. We have also shown that decreas-
of N,H™ provided the branching ratio towards NH is 10%. Thghg the C:O ratio by increasing [O] controls the NNH, ratio.
value of this branching ratio is uncertain but is likely npéro  Finally, acceptable parameters are found that lead to amoed
(Adams et al. 2009). ratios in agreement with the observations towards IRAS2629
2422, namely @P ~ 1073 and C:Gx 0.4. Itis to be noted, how-
ever, that in this range of parameters, the absolute abeedan
predicted by the models are a factor of 10 below those derived

The NH,;:NH, ratio is~ 10 in the above models, a factor 30n Paper I.
below the observed values towards IRAS16293-2422. However In this work, the influence of (P on the ratios NH:NEtNH,
models computed in Paper | with the initial abundances bfs been explored only through the rate of reaction (1). A bet
Wakelam & Herbst (2008) lead to a ratio close to the observégt study would be to self-consistently compute th&Qatio
value, hence suggesting that the initial elemental aburetain- from a model of conversion of-éH, into p-H,, as was first
fluence this ratio. The gas phase elemental abundances qf Cednsidered by LB91, and more recently by. Pagani et al.
and O in dark clouds are poorly known because the amount(@009). Including proton exchange reactions, in the gasgha
these elements incorporated into the dust (core or manflespetween H and H* (Honvault et al. 2011), K (Crabtree et al.
loosely constrained. The elemental abundance of oxygemein 2011), and H (Hugo et al. 2009), would reprocess the 3:1 mix-
gas phase is not known accurately, and variations by an ofdeture of H, formed on grains to a fferent QP. An even more
magnitude are fully conceivable (Jenkins 2009), whilst thfa self-consistent approach would be that of Flower et al. 6300
carbon is better known. Accordingly, we have considered vawho separate reactions with the ortho- and para- forms of all
ations of the initial elemental abundances of oxygen, ty vaconcerned N-bearing molecules. Another obvious contionat
the ratio C:0, encompassing the value of 0.41 from Wakelanould be to explore these findings infidgirent physical condi-
& Herbst (2008). tions (Av, cosmic-ray ionization rateic).

The resulting abundance ratios, computed for g €atio Branching ratios of dissociative recombination reactiares
of 1073, are shown in Fig. 4 (right panel). As C:O decreasesucial to the formation of nitrogen hydrides. In this wotke
below the 0.66 value of FPdFO03, the ratio NNH, increases. dissociative recombination of NHhas three output channels

4. Conclusions

3.2. Dependence on the initial abundances
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observed NH;:NH,

100 :\\\ 100

__‘_’_A———i.
10 = A A A A E 10 E

1 — 1
E NH/NH, —a— ]
INHo/NH, —a— 1 INH/NH, —a—
01 Loimd vl v i e il il 01 Ly Py e e e
107 10%®  10% 10 10® 102 10t 10° 02 03 04 05 06 07 08 09 1

o/pP C/O

Fig. 4. Abundance ratios calculated when a 10% branching ratiorisidered for the reactionJM™ +e~ — NH+H. The hashed bands show the
observed ratios with theirdluncertaintiesLeft panel: varying O/P, with the initial abundances of Flower & Pineau des FQi2293) ([OE1.24(-

4) and [CE8.27(-5).).Right panel: varying [O] while keeping [C] constant, at constantR2 10-3. The low-metal abundances of Wakelam &
Herbst (2008) are [(J1.76(-4) and [CF7.30(-5), or C:G0.41.

NH; + H, NH, + H,, and NH, + H + H (Ojekull et al. 2004).
However, another channel may be NHH + H, (Adams et al.
1991), but to our knowledge, no branching ratio is available
the litterature. Values up to 10% may be considered in a éutur
work. Critical too are the values of rates at low temperatues-
pecially for reaction (1) with pH, for which measurements at
temperatures lower than 14 K are not available.
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Fig.A.1. Rate for reaction (1) with eH, and fit result (see Eq. 2).
Bottom panel: filled squares are the values derived from Mettg et al.
(1988), and the fitted curve (full line). Top panel: relatareor.

Appendix A: Reaction rate

For the purpose of implementing the rate of the reaction (1) ertho-H, in
chemical networks, Figure A.1 shows the result of a singf@eeential fit. The
filled squares are based on the fitted reaction rates from iteget al. (1988).
A weighting in the form (T — 10¥ was adopted, which is accurate to better
than 6% forT = 8 — 150 K.



