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ABSTRACT

The NH and ND radicals are of key importance in the comprehension of nitrogen chemistry and the enhancement of deuterated
molecules in the interstellar medium. Observations by space telescopes yield spectra that can resolve the fine and hyperfine structure
of these radicals, a consequence of the electronic and magnetic interactions of nitrogen, hydrogen, and deuterium nuclei. Accurate rate
coefficients, induced by collisions with H2, are required to interpret spectra of these radicals. We report the first rate coefficients for
fine and hyperfine transitions of NH and ND in collision with both ortho- and para-H2. Based on a recent four-dimensional potential
energy surface, fine-structure resolved cross sections and rate coefficients are computed with the time-independent close-coupling
method over a temperature range of 5–300 K. Our calculations include the first 25 energy levels of NH and ND. Hyperfine resolved
cross sections and rate coefficients are determined using the infinite-order sudden (IOS) approximation between 5 and 200 K for NH
and 100 K for ND. We consider the first 71 and 105 energy levels of NH and ND, respectively. General propensity rules are discussed.
We found a significant isotopic substitution effect in the rate coefficients. In addition, the rate coefficients for collisions with H2 are
larger than those with He by a factor of up to 5, leading to lower critical densities for collisional excitation with H2 than He. The impact
of the new set of collisional data has been investigated in simple radiative transfer models of the NH emission seen toward the Orion
Bar and the ejecta of the η Carinae binary star. We observed significant differences by a factor of 5 between the presently determined
column densities for NH compared to those from the literature using He as a collider.

Key words. astrochemistry – molecular data – molecular processes – radiative transfer – scattering

1. Introduction

Nitrogen hydrides are key species in the formation of complex
nitrogen-bearing molecules observed in the interstellar medium
(ISM; Gerin et al. 2016). An accurate determination of the
abundances of these species is essential for understanding nitro-
gen chemistry, which remains a subject of ongoing exploration
(Bacmann et al. 2016). Among nitrogen hydrides, the NH radical
is of particular interest since it is an important intermediate in the
synthesis of heavier molecules (Bacmann et al. 2010; Gerin et al.
2016). Observations of NH were first reported in comets (Swings
et al. 1941) and stellar atmospheres (Schmitt 1969; Lambert &
Beer 1972). Meyer & Roth (1991) detected NH in the ISM in
ζ Per and HD 27778 diffuse clouds through the A3Π–X3Σ UV
absorption band. The high rotational constant of NH leads to
rotational lines in the submillimeter frequency range (≳1 THz),
making ground-based observations not suitable for detecting
rotational transitions. Thanks to the Infrared Space Observatory
(ISO), Cernicharo et al. (2000) and Goicoechea et al. (2004)
reported the first detection of far-infrared fine-structure compo-
nents 23 → 12 and 22 → 11 toward the Sgr B2 dense molecular
cloud.

From the first detection of NH, large divergences between
the determined abundances from observations and those pre-
dicted by chemical models were pointed out (Wagenblast et al.
1993). The much higher spectral resolution observations with
the heterodyne receiver HIFI on board the Herschel space tele-
scope led to the suggestion that the formation of NH in cold

molecular clouds and prestellar cores may occur through disso-
ciative recombination of N2H+ (Hily-Blant et al. 2010; Dislaire
et al. 2012; Le Gal et al. 2014) in addition to the well known
N+ + H2 reaction followed by dissociative recombination. Vari-
ous models confirmed the poor understanding of the NH abun-
dance and other nitrogen hydrides despite the many observations
in the solar-mass Class 0 protostar IRAS 16293-2422 (Bacmann
et al. 2010; Hily-Blant et al. 2010), in the H II region G10.6-0.4
(W31; Persson et al. 2012), the star-forming region W49N
(Persson et al. 2012), the binary star η Carinae, and the
Homunculus nebula (Gull et al. 2020). Goicoechea & Roncero
(2022) recently detected NH emission lines toward the Orion
Bar photodissociation region (PDR), where their modeling based
on state-specific rate coefficients calculations for the N + H2(v)
→ NH + H reaction lead to an enhancement of the NH col-
umn density by a factor ∼25 compared to chemical models using
thermal rate coefficients and showing better agreement with
observations. The study revealed the importance of UV-pumped
vibrationally excited H2 in the formation of NH in strongly
UV-irradiated molecular clouds.

The deuterium fractionation is also a fundamental parameter
of the study of the ISM. It is well known that the abundance ratio
between a deuterated molecule and its hydrogenated counterpart
can deviate by several orders of magnitude from the elemen-
tal ratio [D]/[H] ∼ 2 × 10−5 (Linsky et al. 2006) depending
on the molecule and on the source. High degrees of molecu-
lar deuteration have been observed in various cold environments
(Ceccarelli et al. 1998; Caselli et al. 2003; Bacmann et al. 2003).
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In this context, the study of the ND radical is of interest to
infer the deuterium enhancement in the chemistry of nitrogen
hydrides. Bacmann et al. (2010) reported the first detection
of ND in IRAS 16293-2422 resolving the hyperfine multiplet
of the 1 → 0 rotational line and deriving an abundance ratio
[ND]/[NH] ≥ 30%. Bacmann et al. (2016) also detected ND
toward the 16293E prestellar core and confirmed the high degree
of deuteration of the NH radical.

At low densities, the determination of molecular abundances
cannot be achieved assuming local thermodynamic equilibrium
(LTE). The computation of reliable state-to-state rate coefficients
of NH and ND induced by collisions with the main collider
H2 in molecular clouds is required. Interactions of the molec-
ular electronic spin and nuclear spin of the nitrogen and the
hydrogen or deuterium atoms to the molecular rotation leads to
a large number of energy levels to consider in scattering cal-
culations. In addition, the inclusion of the internal structure of
H2 requires a large number of channels to consider in quan-
tum dynamical calculations that are not achievable with current
computational resources. There are presently no collisional data
reported about fine and hyperfine resolved rate coefficients for
NH and ND in collision with both ortho- and para-H2. Because
of this lack of data, Bacmann et al. (2016) used scaled NH/ND–
He hyperfine rate coefficients computed by Dumouchel et al.
(2012) to model molecular spectra. In addition, Goicoechea &
Roncero (2022) scaled fine-structure NH–He rate coefficients
from Toboła et al. (2011). These estimations of NH–H2 rate coef-
ficients may not be accurate enough, especially in the case of
light hydrides. Hyperfine line-overlap and opacity effects may
also lead to subtle radiative effects and anomalous hyperfine line
emission (Goicoechea et al. 2022).

To date, only a few investigations have reported hyperfine
resolved rate coefficients for collisions involving a molecule
possessing two nonzero nuclear spins such as N2H+–He
(Daniel et al. 2005), NH/ND–He (Dumouchel et al. 2012), or
13CCH/C13CH–para-H2 (Pirlot Jankowiak et al. 2023). Because
NH is detected in both cold and warm astrophysical environ-
ments, it is essential to take into account explicitly the internal
structure of H2 in the scattering calculations. This work aims
to fill this objective by providing fine and hyperfine resolved
rate coefficients for NH and ND in collisions with molecular
hydrogen (both ortho- and para-H2). Fine-structure calculations
are achieved with the close-coupling (CC) method, while the
infinite-order sudden (IOS) approximation (Faure & Lique 2012;
Lanza & Lique 2014) is employed to overcome the computational
challenges posed by the inclusion of the hyperfine structure in
the scattering calculations. The paper is organized as follows.
Section 2 presents the potential energy surface (PES) used in
this work. Details about the treatment for the ND isotopolog is
also highlighted. Section 3 describes the scattering formalism for
the obtention of both fine- and hyperfine-structure resolved rate
coefficients. Fine-structure results are presented and discussed.
Then hyperfine resolved rate coefficients are presented. Section 4
presents an illustration of the impact of the new computed rate
coefficients in a simple radiative transfer modeling under non-
LTE conditions. A summary of the work and our conclusions
are presented in Sect. 5.

2. Potential energy surface

In this work we use the four-dimensional PES computed by
Pirlot Jankowiak et al. (2021, hereafter Paper I). Ab initio cal-
culations were done for 33 516 geometries with the explicitly

Fig. 1. Description of the NH–H2 and ND–H2 complexes in Jacobi
coordinates. Unprimed and primed coordinates relate to NH and ND,
respectively.

correlated coupled cluster single, double, and a perturbative
treatment of triple excitations [RCCSD(T)-F12a] (Knizia et al.
2009) using the MOLPRO software (Werner et al. 2020). The
augmented correlation-consistent polarized valence triple zeta
(aug-cc-pVTZ) basis set (Dunning 1989) was used and the coun-
terpoise scheme of Boys & Bernardi (1970) was considered to
take into account the basis set superposition error.

This PES is provided as a function of the Jacobi coordinate
system. The origin of this coordinate system lies at the center of
mass of NH, with the intermolecular separation between NH and
H2 centers of mass denoted as the vector R, aligned along the z-
axis. The rotational motion of NH around the R axis is described
by the angle θ1, while the angles (θ2, ϕ) specify the orientation
of H2 (see Fig. 1).

In this PES, both NH and H2 are treated as rigid rotors. We
consider the internuclear distances taken in the average of the
vibrational ground state for both species, with rNH = 1.958a0
and rHH = 1.449a0 (Huber & Herzberg 1979).

To make this PES suitable for time-independent quan-
tum scattering calculations, the analytical representation of the
potential was done in terms of bispherical harmonics, given by

V(R, θ1, θ2, ϕ) =
∑
l1l2l

vl1l2l(R)A(θ1, θ2, ϕ) (1)

A(θ1, θ2, ϕ) =

√
2l + 1

4π

[ (
l1 l2 l
0 0 0

)
Pl10(θ1)Pl20(θ2)

+2
min(l1, l2)∑

m=1

(
l1 l2 l
m −m 0

)
×Pl1m(θ1)Pl2m(θ2) cos(mϕ)

]
. (2)

Here Plm denotes associated Legendre polynomials, and (. . . )
represents 3j-Wigner symbols; l1, l2, and l are defined such that
|l1 − l2| < l < l1 + l2. Then, the expansion coefficients vl1l2l(R)
are determined through a least-squares fitting procedure, setting
lmax
1 = 10 and lmax

2 = 4 and resulting in a total of 86 terms for
subsequent scattering calculations.

The global minimum was found to be De = 149.10 cm−1 cor-
responding to a linear geometry characterized by R = 6.30a0,
θ1 = 180°, θ2 = 0°, and ϕ = 0°, where one hydrogen atom
is oriented toward the nitrogen end. Additionally, a secondary
minimum was observed for a T-shaped geometry with R =
6.77a0, θ1 = 0°, θ2 = 90°, and ϕ = 0°, exhibiting a well depth
De = 109.52 cm−1. This PES has undergone validation, dis-
playing good agreement between bound state calculations and
experimental measurements from Fawzy et al. (2005).

The deuteration of NH yields the ND molecule by a dis-
placement of the center of mass of δr = −0.1149a0 toward the
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Fig. 2. First expansion coefficients vl1l2l(R) for the NH–H2 (solid) and
ND–H2 (dashed) collisional systems.

deuterium end. To assess the interaction potential for the ND–
H2 complex, we introduce new coordinates (R′, θ′1) and transform
the primary isotopolog coordinates as follows:

R′ =
√

R2 + δr2 + 2Rδr cos(θ1), (3)

θ′1 = cos−1
(

R cos(θ1) − δr
R′

)
. (4)

Within the rigid rotor approximation, we assume that the
bond lengths for NH and ND remain identical. Notably, we found
that the transformation of the (θ2, ϕ) angles have no impact on the
dynamics calculations and was not necessary. In order to obtain
an analytical representation suitable for scattering calculations,
a Gauss-Legendre quadrature procedure was performed for 588
geometries from the transformed NH–H2 PES with lmax

1 = 10
and lmax

2 = 4.
Figure 2 displays the first radial coefficients vl1l2l(R) for both

NH–H2 and ND–H2 complexes. The most significant difference
arises from the v101 term. This term exhibits a lower magnitude
for the ND–H2 PES than the NH–H2 PES, indicating a more pro-
nounced odd anisotropy for the NH–H2 complex. This effect was
already seen for the NH/ND–He collisional systems in the study
of Dumouchel et al. (2012). We anticipate that the incorporation
of these radial coefficients in scattering calculations will lead to
differences in cross sections between the two isotopologs.

3. Scattering calculations

3.1. Fine-structure excitation

The NH and ND radicals are both open-shell molecules, and
possess a nonzero electronic spin S = 1. This is coupled to the
spin-free rotational angular momentum n1 such that

j1 = n1 + S,

where j1 is the total rotational angular momentum of the target.
Then, in the 3Σ− ground electronic state, the NH and ND rota-
tional levels are split by spin-rotation and spin-spin interaction.
In the intermediate coupling scheme, the wave function can be
defined for j1 ≥ 1 as (Gordy & Cook 1984)

|F1 j1m⟩ = cos(α)| j1 − S , j1m⟩ + sin(α)| j1 + S , j1m⟩
|F2 j1m⟩ = | j1, j1m⟩ (5)
|F3 j1m⟩ = − sin(α)| j1 − S , j1m⟩ + cos(α)| j1 + S , j1m⟩

Table 1. Spectroscopic constants of NH and ND radicals in their 3Σ−

electronic state.

Parameters(a) NH (b) ND (c)

B0 16.343 8.782
D0 1.703 ×10−4 4.880 ×10−4

γ0 −5.485 ×10−2 −2.947 ×10−2

λ0 0.920 0.919
µD 1.39 (d) 1.39

Notes. (a)The values of the parameters are given in cm−1. (b)Flores-
Mijangos et al. (2004). (c)Takano et al. (1998). (d)The value of µD is
given in Debye (Keun Park & Sun 1993).

where |n1, j1m⟩ denotes the wave function in a pure Hund’s case
(b), and α is the angle arising from the diagonalization of the
molecular Hamiltonian. In the pure Hund’s case (b) limit (α →
0), the Fi labels are associated with n1 = j1 − S for F1 and n1 =
j1 + S for F3. For simplicity, fine-structure levels are labeled as
n1, j1

corresponding to the pure Hund’s case (b) limit, although
all calculations were done in the intermediate coupling scheme.
In the CC approach, the NH or ND angular momentum couples
with the rotational angular momentum j2 of the H2 collider to
form the resultant sum j12. This couples to the orbital angular
momentum L to yield the total angular momentum J:

j12 = j1 + j2 J = j12 + L.

This is the general approach used to compute fine-structure
resolved cross sections with the CC procedure.

By the resolution of the CC equations, it is possible to
determine fine-structure state-to-state cross sections defined as

σCC
n1 j1 j2→n′1 j′1 j′2

=
π

k2
n1 j1 j2

[ j1][ j2]

∑
JLL′

[J]|T J
n1 j1 j2 j12L,n′1 j′1 j′2 j′12L′ |

2, (6)

where k2
n1 j1 j2

is the wave vector of the initial state, [X] ≡ (2X + 1)
and T J

n1 j1 j2 j12L,n′1 j′1 j′2 j′12L′ are the T -matrix elements (i.e., the solu-
tions of the CC equations). The rate coefficient from an initial
state (n1 j1 j2) to a final state (n′1 j′1 j′2) can be obtained by integrat-
ing the CC cross section in Eq. (6) over a Maxwell-Boltzmann
distribution of the collisional energy Ec:

kCC
n1 j1 j2→n′1 j′1 j′2

(T ) =
(

8
πµ(kBT )3

)1/2

×

∫ ∞

0
σCC

n1 j1 j2→n′1 j′1 j′2
(Ec)Ece−Ec/kBT dEc (7)

with µ the reduced mass of the collisional system and kB the
Boltzmann constant.

Details of the scattering calculations can be found in
Appendix A. The spectroscopic parameters used in fine-structure
calculations for NH and ND are summarized in Table 1. The
scattering calculations were done using the HIBRIDON package
of programs (Alexander et al. 2023).

3.2. Results

Figures 3 and 4 illustrate the temperature dependence of the fine-
structure resolved rate coefficients for NH and ND in collision
with ortho- and para-H2. The magnitude of the rate coefficients
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Fig. 3. Temperature dependence of fine-structure resolved de-excitation
rate coefficients for NH in collision with para-H2 (solid) and ortho-
H2 (dashed). The fine-structure conserving transitions (∆n1 = ∆ j1)
are presented in the top panel; the fine-structure changing transitions
(∆n1 , ∆ j1) are shown in the bottom panel.

Fig. 4. Temperature dependence of fine-structure resolved de-excitation
rate coefficients for ND in collision with para-H2 (solid) and ortho-
H2 (dashed). The fine-structure conserving transitions (∆n1 = ∆ j1)
are presented in the top panel; the fine-structure changing transitions
(∆n1 , ∆ j1) are shown in the bottom panel.

Fig. 5. Fine-structure resolved rate coefficients at 50 K for NH (top) and
ND (bottom) de-excitations out of the n1, j1

= 8 j1
rotational level.

can vary up to a factor of 3 between low and high temperatures.
In addition, most of the rate coefficients for transitions induced
by ortho-H2 are larger than those induced by para-H2 by a fac-
tor of 3–10. This behavior arises due to the contributions of
radial coefficients vl1l2l to the coupling between energy levels in
scattering calculations. Specifically, ortho-H2 collisions involve
coefficients with l2 = 0, 2, whereas para-H2 collisions only con-
sider coefficients with l2 = 0. The ortho-H2 collisions are then
characterized by enhanced anisotropy for j2 > 0 in the PES and
tend to yield larger rate coefficients than for para-H2 collisions,
a well-known trend in neutral collisional systems involving H2
(Kalugina & Lique 2015; Desrousseaux et al. 2021; Demes et al.
2023).

As previously reported in Paper I, NH–ortho-H2 collisions
exhibit larger rate coefficients for odd ∆n1 transitions compared
to NH–para-H2 collisions. This is related to the magnitude of the
v121 radial coefficient, which has a greater intensity compared
to those with l2 = 0 and provides a larger contribution in the
coupling terms of the CC equations. A similar behavior is also
observed for collisions involving ND.

Furthermore, Figs. 3 and 4 display that fine-structure
conserving transitions (∆n1 = ∆ j1) dominate over fine-
structure changing transitions (∆n1 , ∆ j1). Alexander
& Dagdigian (1983) already investigated this propen-
sity rule. This rule implies that the electronic spin acts
as a spectator during collisions, conserving its projec-
tion, due to the absence of electronic spin dependence in
the potential energy surface. The rule can be seen clearly
in Fig. 5.

It is interesting to have a look at the impact of the isotopic
substitution on the rate coefficients. Figure 6 compares rate coef-
ficients for NH and ND in collisions with ortho- and para-H2.
The ND transitions exhibit rate coefficients that are nearly three
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Fig. 6. Systematic comparison between NH and ND rate coefficients at
10 and 150 K. The top panel shows ortho-H2 collisions, where the green
dashed lines quantify deviations by a factor of 3. The bottom panel is
related to para-H2 collisions and the green dashed lines present differ-
ences of a factor of 5.

times larger than NH transitions for ortho-H2 collisions, a dis-
parity that jumps to a factor of 5 for para-H2 collisions. This
discrepancy arises from the displacement of the center of mass
between NH–H2 and ND–H2 PESs and differences in NH and
ND spectroscopic parameters (see Table 1). Similar isotopic dif-
ferences have been observed in various collisional systems, par-
ticularly with light molecules such as NH/ND–He (Dumouchel
et al. 2012) and OH/OD–H2 (Dagdigian 2021). These differ-
ences become less pronounced for heavier molecules, as seen
in HCO+/DCO+–H2 (Denis-Alpizar et al. 2020).

When collisional data involving H2 are not available, it is
customary to use He as a proxy to estimate rate coefficients for
the para-H2( j2 = 0) collider, based on the assumption that their
cross sections are similar. Both He and para-H2( j2 = 0) possess
two valence electrons and have a spherical shape. For NH or ND
collisions, a mass-scaling relation can be used to model para-H2
with He

kX–para-H2
(T ) ∼

(
µX–He

µX–para-H2

)1/2

kX–He(T ), (8)

where X is either NH or ND.

Figure 7 displays the discrepancies between fine-structure
rate coefficients computed in this work with those available from
Dumouchel et al. (2012).1 Specifically, we compare NH and ND
1 Ramachandran et al. (2018) published more recent data about the
NH–He complex that are consistent with those of Dumouchel et al.
(2012), but did not provide fine-structure rate coefficients for the
ND–He complex.

Fig. 7. Comparison between the present fine-structure resolved rate
coefficients for NH and ND in collision with para-H2 and those in
collision with He done by Dumouchel et al. (2012). The dashed lines
represent deviations of the data of a factor of 5.

in collision with para-H2 and scaled-He. In the case of NH,
substantial differences are observed. The para-H2 rate coeffi-
cients are larger than those of He by more than a factor of 5,
particularly at low temperatures (T ≤ 50 K). Some transitions
can exhibit larger deviations even at higher temperatures, show-
ing a strong temperature-dependence between the datasets. A
similar behavior is observed in the case of ND. This could be
explained by the contrasts in the interaction potentials. The PES
calculated for NH–He by Cybulski et al. (2005) presents a well
depth smaller by a factor ∼7 compared to the NH–H2 PES com-
puted in Paper I. This difference leads to larger cross sections for
para-H2 collisions. As a conclusion, He is an unsuitable tem-
plate for para-H2( j2 = 0) collisions, necessitating the explicit
computation of these rate coefficients.

3.3. Hyperfine-structure excitation

Additional energy splittings occur for NH and ND due to the
presence of the nuclear spins of the hydrogen, deuterium, and
nitrogen atoms, IH = 1/2, ID = 1, and IN = 1, respectively.
These spins couple to the rotational quantum number, as

F1 = j1 + IH/D F = F1 + IN

with F1 and F being the rotational quantum numbers includ-
ing nuclear spins of the targeted isotopolog. Such splittings are
generally small (10−3–10−4 cm−1) due to the magnitude of the
possible electric quadrupole and magnetic moments. In the case
of NH, each rotational level (n1 > 2) possesses 18 hyperfine com-
ponents except for n1 = 0,1,2, which have respectively 5, 13, and
17 hyperfine energy levels. For ND these splittings lead to 27
levels for n1 > 2 and 7, 19, and 26 levels for n1 = 0,1,2.
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Collisional excitation between two molecules is a computa-
tional challenge, particularly in calculations involving open-shell
molecules with two nonzero nuclear spins. The computational
cost of scattering calculations becomes prohibitive with our cur-
rent computational resources, due to the extensive number of
channels that must be considered. For NH and ND, our objec-
tive is to provide hyperfine rate coefficients up to 200 K, taking
into account energy levels up to 326 cm−1 for NH and up to
100 K with energy levels up to 176 cm−1 for ND. Achieving this
goal entails accounting for 71 energy levels in the case of NH
and 105 for ND. To account both the nuclear spins of the target
and the internal structure of the collider, the IOS limit is tested
and used.

3.3.1. Infinite-order sudden limit approach

It is possible to estimate state-to-state hyperfine resolved rate
coefficients only by considering the fine-structure rate coeffi-
cient (kCC

n1 j1 j2→n′1 j′1 j′2
) out of the fundamental energy level. Based

on several works (Alexander 1982; Orlikowski 1985; Lanza &
Lique 2014), the hyperfine resolved rate coefficient for a 3Σ elec-
tronic state molecule in collision with ortho- and para-H2 can
be written for an initial state i = (n1 j1F1F j2) to a final one
f = (n′1 j′1F′1F′ j′2) as (see details in Appendix B)

kIOS-p
i→ f (T ) = [n1n′1 j1 j′1F1F′1F′ j′2]

∑
λ1λ2

[λ1]
λ1 + 1

(
n′1 λ1 n1
0 0 0

)2

×

(
j′2 λ2 j2
0 0 0

)2 {
n′1 n1 λ1
j1 j′1 S

}2

×

{
j1 j′1 λ1
F′1 F1 IX

}2 {
F1 F′1 λ1
F′ F IN

}2

× kCC
100→λ1+1,λ1,λ2

(T ) (9)

kIOS-o
i→ f (T ) = [n1n′1 j1 j′1F1F′1F′ j′2]

∑
λ1λ2

[λ1]
λ1 + 1

[λ2]
λ2 + 1

×

(
n′1 λ1 n1
0 0 0

)2 (
j′2 λ2 j2
0 0 0

)2 {
n′1 n1 λ1
j1 j′1 S

}2

×

{
j1 j′1 λ1
F′1 F1 IX

}2 {
F1 F′1 λ1
F′ F IN

}2

× kCC
101→λ1+1,λ1,λ2+1(T ), (10)

where [abc. . . ] ≡ (2a+1)(2b+1)(2c+1) . . . , λ1, λ2 are chosen so
that | j1 − j′1| ≤ λ1 ≤ j1 + j′1 and | j2 − j′2| ≤ λ2 ≤ j2 + j′2, X ≡ H or
D. Moreover, IOS-p stands for collisions with para-H2, whereas
IOS-o stands for ortho-H2 collisions. Equations (9) and (10) are
used considering NH and ND in a pure Hund’s case (b) limit.
It should be noted that the rate coefficient can be replaced by
the cross section for IOS calculations. Equations (9) and (10)
can also be used by considering de-excitations rate coefficients
through the detailed balance:

kCC
100→λ1+1,λ1,λ2

(T ) = [λ1][λ2]kCC
λ1+1,λ1,λ2→100(T ), (11)

kCC
101→λ1+1,λ1,λ2+1(T ) =

[λ1][λ2 + 1]
3

kCC
λ1+1,λ1,λ2+1→101(T ). (12)

It is worth noting that the gap between hyperfine energy lev-
els remains relatively small compared to the collisional energies
involved. Consequently, it is reasonable to anticipate that the

IOS limit can provide reliable predictions for hyperfine resolved
transitions. Then, the scaling relation can be used, first intro-
duced by Neufeld & Green (1994, hereafter NG) as

kNG
n1 j1F1F j2→n′1 j′1F′1F′ j′2

(T ) =
kIOS

n1 j1F1F j2→n′1 j′1F′1F′ j′2
(T )

kIOS
n1 j1 j2→n′1 j′1 j′2

(T )
kCC

n1 j1 j2→n′1 j′1 j′2
(T ).

(13)

This relation is constructed so that the summation of the rate
coefficients over the final hyperfine labels for a given transition
gives the CC fine-structure rate coefficient:∑
F′1F′

kNG
n1 j1F1F j2→n′1 j′1F′1F′ j′2

(T ) = kCC
n1 j1 j2→n′1 j′1 j′2

(T ). (14)

One can see that using Eq. (13) implies that the calculation of
quasi-elastic transitions (i.e., n1 = n′1, j1 = j′1 and with F1 , F′1
and F , F′) requires the determination of fine-structure elas-
tic transitions. However, these transitions are usually difficult to
converge. In the following we provide quasi-elastic transitions
without the NG correction and only using the IOS limit through
Eqs. (9) and (10). In addition, the presence of 3j and 6j Wigner
coefficients involves strict propensity rules. In particular, the 3j
coefficient sets all hyperfine rate coefficients to zero for the case
where n1 = n′1 = 0. The corresponding rate coefficients are only
nonvanishing for hyperfine elastic transitions, which are beyond
the scope of this work.

3.3.2. Validation of the IOS approach

The IOS approximation described previously can be tested and
compared with the recoupling approach. This reference method,
for hyperfine treatment can be found in detail in Alexander &
Dagdigian (1985), among others. This comparison is applied
to the NH–H2 and ND–H2 collisional systems, but taking into
account only the nuclear spin of the hydrogen (or the deuterium).
The IOS approach was tested for several cross sections at two
different collisional energies.

Figure 8 displays a comparison of cross sections computed
using the NG correction and the recoupling approach for NH and
ND in collision with both ortho- and para-H2. Quasi-elastic tran-
sitions, calculated with the IOS approximation, are also included
in these plots. Of all the tested collisional systems, the figure
shows that most of the largest transitions match almost perfectly
those obtained with the recoupling approach. It is possible to
quantify the discrepancies between methods by introducing the
weighted mean error factor (WMEF; Loreau et al. 2018),

WMEF =

∑
i f σ

rec
i→ f ri∑

i σ
rec
i→ f

, (15)

with σrec
i→ f being the hyperfine cross section obtained with the

recoupling approach, ri = max(σrec
i→ f /σ

NG
i→ f ,σNG

i→ f /σ
rec
i→ f ). Larger

discrepancies are observed for low collisional energies, while
most transitions exhibit better agreement at higher energies. For
para-H2 collisions, the WMEFs remain of the same order of
magnitude for NH and ND, regardless of the energy. The inclu-
sion of quasi-elastic transitions has minimal impact in this case.
Among all the tested collisional systems, ortho-H2 collisions dis-
play the most noticeable deviations, mostly due to the inclusion
of quasi-elastic transitions, which are among the most divergent
transitions in terms of intensity. However, it is interesting to note
that, with the exception of these transitions, the NG correction
performs surprisingly well in the case of ortho-H2 collisions.
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Fig. 8. Comparison between the NG correction and the recoupling approach for NH (top) and ND (bottom) cross sections for collisions with ortho-
(left) and para-H2 (right). Cross sections are displayed for collisional energies of 50 and 200 cm−1. Quasi-elastic transitions computed in the IOS
limit are also present. The dashed lines represent deviations of the data of a factor of 2.

3.3.3. NH–H2 and ND–H2 rate coefficients

Figure 9 displays the propensity rules discussed in Sect. 3.1
and applied here to the hyperfine rate coefficients computed
through the IOS approach using Eqs. (9), (10), and (13). Among
all collisional systems, the strong propensity rule governing
∆n1 = ∆ j1 = ∆F1 = ∆F transitions is found. This rule can be
explained by vector coupling arguments. Given the indepen-
dence of nuclear spins from the potential, they remain spec-
tators during the collision, and they cannot be reoriented. As
in Sect. 3.1, ortho-H2 collisions are governed by the odd ∆n1
propensity rule, except for NH for ∆F1 , ∆F transitions, where
this rule stands for para-H2 collisions. These trends are well
known for various types of systems having one or two nuclear
spins (Daniel et al. 2004; Dumouchel et al. 2012; Kalugina &
Lique 2015; Lique et al. 2016; Kłos et al. 2020; Lara-Moreno
et al. 2021; Ndaw et al. 2021; Godard Palluet & Lique 2024).

4. Rotational excitation of NH in the ISM

Detections of several NH fine-structure lines in the ejecta of the
massive binary star η Carinae have been reported by Gull et al.
(2020). Additionally, Goicoechea & Roncero (2022) detected
the submillimeter 12 → 01 fine-structure line in the Orion Bar
PDR. To our knowledge, these are the only two sources where
NH rotational lines are observed in emission, while all other
previous detections report absorption lines. In both studies,
modeling based on accurate NH–H2 collisional data was not
possible because of the lack of these data. In the absence of
rate coefficients for NH–H2 collisions, astrophysical modeling
relied on He collisional data using the scaling relation given by
Eq. (8) or based on crude estimation when even these data are
missing.

Fig. 9. Hyperfine rate coefficients of NH (top) out of the (n1 = 4, j1 =
5, F1 = 5.5, F = 6.5) level and ND (bottom) out of the (n1 = 4, j1 =
5, F1 = 5, F = 6) level at 50 K as a function of the variation in the
rotational angular momentum n1. The solid lines stand for para-H2 col-
lisions and the dashed lines for ortho-H2 collisions. The ∆F1 = ∆F − 2
and ∆n1 = ∆ j1 − 2 transitions are represented by triangles, whereas the
∆F1 = ∆F − 1 and ∆n1 = ∆ j1 − 1 transitions are represented by squares.
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Fig. 10. Evolution of the critical density of NH with the temperature for
the fine-structure components of the 1 → 0 line. The solid lines stand
for NH–H2 rate coefficients, whereas the dashed lines stand for NH–He
coefficients.

In the following discussions, we focus on the three fine-
structure lines 10 → 01 (946 GHz), 12 → 01 (974 GHz) and 11 →

01 (1000 GHz) detected by the Herschel/SPIRE survey in the
study of Gull et al. (2020) and later toward the Orion Bar PDR
with the Herschel/HIFI spectrometer by Goicoechea & Roncero
(2022). We carried out simple radiative transfer modeling to
assess the impact of the new NH–H2 rate coefficients in com-
parison to scaled NH–He data. We explored the impact of the
new NH–H2 rate coefficients in modeling for typical conditions
of these two environments with the RADEX non-LTE radiative
transfer model using the escape probability approximation (Van
der Tak et al. 2007) .

4.1. General features: Critical densities and background
continuum

A useful parameter for qualitatively understanding the excitation
behavior of molecular lines is the critical density nul

cr(T ) from an
upper level u to a lower one l, describing the gas density where
radiative and collisional processes are in competition. Using the
new fine-structure NH–H2 rate coefficients, we estimated these
critical densities to be

nul
cr(T ) =

∑
i<u Aui∑

u,i kui(T )

=

∑
i<u Aui∑

u,i

[ OPR
1+OPRkortho−H2

ui (T ) + 1
1+OPRkpara−H2

ui (T )
] ,
(16)

where OPR is the ortho-to-para-H2 ratio assuming a thermalized
distribution of the rotational population of H2. We note, however,
that the OPR can be out of equilibrium in various astrophysical
environments, and can reach ∼10−3 at low temperatures (Faure
et al. 2019). The Aul are the fine-structure computed Einstein
coefficients for NH radiative transitions (see Appendix C). These
critical densities are compared to those computed with NH–He
rate coefficients, also using Eq. (16), excluding the ortho-H2
term and the OPR.

Figure 10 displays the critical density ncr for each fine-
structure component of the 1 → 0 rotational line. Due to the
high rotational constant of NH, Einstein coefficients correspond-
ing to these lines are large, of the order of Aul ∼ 10−3–10−2 s−1.
This is why the computed critical densities are high compared
to the density of molecular clouds (n(H2) ∼ 103–106 cm−3). At
very low temperature, a very high gas density is needed to reach
the LTE regime. In this case, most of the excitation is due to

Fig. 11. Dependence of the excitation temperature of the 1 → 0 rota-
tional line on the gas density. The solid lines stand for NH–H2 rate
coefficients, whereas the dashed lines stand for NH–He coefficients.

radiative processes (i.e., when inelastic collisions do not domi-
nate) and NH can be easily detected in absorption toward strong
submillimeter continuum sources. It can be seen from Eq. (16)
that the evolution of the critical density strongly depends on the
OPR, reflecting the importance of collisions induced by ortho-
H2 at high temperatures because of their different excitation
efficiency. Discrepancies between H2 and He critical densities
are significant, exceeding an order of magnitude especially for
the 10 → 01 line. These variations persist, even at low tem-
peratures when para-H2 collisions are dominant, reflecting the
previously discussed differences between para-H2 and He rate
coefficients shown in Fig. 7.

It is interesting to assess the impact of rate coefficients on
non-LTE modeling using He or H2 sets of collisional data,
particularly in environments influenced by a strong far-IR and
submillimeter continuum. As an illustrative example, in these
first models we adopt the physical parameters of Gull et al.
(2020) for η Carinae; that is, we include a fixed column density
N(NH) = 5 × 1015 cm−2. We adopt a line width of 188 km/s in the
ejecta (see Gull et al. 2020). These broad line widths ensure NH
optically thin line emission. The kinetic temperature was chosen
to be Tk = 150 K.

Figure 11 presents the variations in the excitation temper-
atures derived from models using NH–H2 and NH–He rate
coefficients. We considered two distinct continua: the cosmic
microwave background (CMB) described by a single black-
body at Tbg = 2.73 K and the modified source continuum that
Gull et al. (2020) adopted. We found that excitation tempera-
tures for individual fine-structure lines did not exhibit significant
relative differences. Then we computed an average excitation
temperature ⟨Tex⟩(n1 = 1 → n′1 = 0) over these lines. Radiative
processes dominate for very low gas densities, with ⟨Tex⟩ ≃ Tbg
(i.e., radiative thermalization). Conversely, ⟨Tex⟩ thermalizes to
Tk when collisional processes are dominant for high densities.
Given the typical conditions in η Carinae, a non-LTE behavior is
obvious for both continua and sets of collisional data. The influ-
ence of the background continuum on excitation temperature
is especially pronounced for low densities. When we adopt the
specific source continuum, the averaged excitation temperature
computed with NH–H2 rate coefficients depart from a radiative
regime at n(H2) ∼ 107 cm−3, whereas when the continuum is
only the CMB, the NH excitation is in the non-LTE regime for a
gas density of ∼104–105 cm−3. However, the impact of the con-
tinuum on the excitation temperature using H2 rate coefficients
is negligible for n(H2) ≥ 108 cm−3 and excitation temperatures
become identical between the two continua. On the other hand,
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Fig. 12. Models of the NH 1 → 0 rotational line toward η Carinae.
The solid curve represents the observations of Gull et al. (2020), while
the dashed curves refer to modeling using fine-structure NH–H2 rate
coefficients.

for n(H2) ∼ 4 × 108–1010 cm−3, models computed using the CMB
and NH–He rate coefficients predict a supra-thermal excitation
(⟨Tex⟩ > Tk) which becomes moderate when we adopt the source
continuum. This difference in behavior with the H2 collisional
data is related to the lower magnitude of He rate coefficients.
Consequently, excitation temperatures computed from He rate
coefficients are more influenced by the strength of the source
continuum than those computed using H2 rate coefficients.

Since the same excitation trends apply for both NH and ND,
these results imply that the ND column densities inferred by
Bacmann et al. (2016) in the prestellar core 16293E may be
revised. Since ND is observed there in emission, a decrease in
its calculated abundance can be anticipated. In addition, due to
the larger values of the NH–H2 rate coefficients compared to the
NH–He values used in their work, models using the new col-
lisional data may not be as sensitive to the modification of the
background source continuum as they suggested.

4.2. Applications to the binary star η Carinae and the Orion
Bar PDR

An essential parameter is the column density of the molecules,
which allows us to infer the fractional abundance of a given
molecule. For the η Carinae ejecta, Gull et al. (2020) determined
a column density of N(NH) = 5 × 1015 cm−2 for a gas density of
n(H2) = 108 cm−3 and a kinetic temperature Tk = 200 K. Using
the new set of fine-structure rate coefficients, we investigate the
differences between the column density determined in their work
and the value estimated in this study.

Figure 12 displays a simple model of the 1 → 0 rotational
line compared to the model determined by Gull et al. (2020).
Line fluxes computed using the previously determined column
density and the new set of fine-structure rate coefficients show
a significant deviation from the observations. These differences
are likely to be produced by an overestimation of the inelastic
rate coefficients by these authors. By fixing the kinetic tempera-
ture to Tk = 200 K and a gas density to n(H2) = 108 cm−3, it is
possible to set the column density by minimizing the χ2 param-
eter. Based on our new collisional data, the minimization of this
parameter must give an estimation of the integrated lines that
best reproduce the observations. We found a column density of
N(NH) = 2.43 × 1016 cm−2, increasing the previous estimation by
a factor of ∼5. It looks like the two most intense lines are actually
able to reproduce much better the observations than the 10 → 01
line. This may be due to the larger intensity uncertainty of this

Fig. 13. Model of the NH hyperfine components of the 12 → 01 line.
A line width value of ∆v = 0.5 km s−1 is used to avoid overlap of the
hyperfine lines displayed in the spectrum. The column density is set to
N(NH) = 1013 cm−2.

weak line or due to anomalous hyperfine emission produced by
hyperfine-structure line overlap effects not treated by RADEX.

A 3σ detection of the 12 → 01 (974 GHz) line in emission
toward the Orion Bar was recently reported by Goicoechea &
Roncero (2022). These authors estimated the NH excitation con-
ditions and NH column density using a Monte Carlo non-LTE
radiative transfer model. For these calculations, the authors used
the available fine-structure NH–He collisional data from Toboła
et al. (2011) to estimate the NH–H2 rate coefficients through
Eq. (8). These rate coefficients were also extrapolated to high
temperatures. They estimated an excitation temperature of 10–15
K for the 974 GHz line and a column density of 1.3 × 1013 cm−2.

Figure 13 shows an illustration of the brightness tempera-
tures for hyperfine transitions corresponding to the 12 → 01 line.
These models were carried out using the new sets of hyper-
fine resolved rate coefficients, assuming a kinetic temperature of
Tk = 150 K, a gas density n(H2) = 105 cm−3, and a typical
column density of N(NH) = 1013 cm−2. The CMB was used
as the background continuum and the hyperfine Einstein coef-
ficients were extracted from the CDMS database (Endres et al.
2016). For the different sets of rate coefficients, we found quite
important disparities in brightness temperatures. In particular,
all the hyperfine-structure line peaks are brighter by a factor of
5 when using H2 collisional data compared to those obtained
with He rate coefficients. It was found that matching brightness
temperatures for all components between the two sets of colli-
sional data implied a decrease in the column density by a factor
of ∼5 when using NH–H2 rate coefficients, leading to N(NH)
∼2 × 1012 cm−2. This discrepancy in column densities is due
to the high contribution of ortho-H2 rate coefficients. At Tk =
150 K, the thermalized OPR is ∼2.51. Then each rate coefficient
contributes 0.71 × kortho-H2

ul + 0.29 × kpara-H2
ul to the radiative

transfer. As mentioned in the previous sections, the NH–ortho-
H2 rate coefficients are larger than those for NH–para-H2 by a
factor of more than 3, while the NH–para-H2 rates, being larger
than NH–scaled-He rates, are larger by up to a factor of 5.

5. Conclusion

We computed the first fine and hyperfine resolved rate coeffi-
cients for NH and ND in collision with both ortho- and para-H2.
These data are based on the 4D PES reported in Paper I. Fine-
structure rate coefficients were determined with the CC method
up to 300 K, taking into account NH and ND energy levels up
to n1 = 8. Both NH and ND displayed significantly larger fine-
structure transitions when interacting with ortho-H2 than with
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para-H2. This trend is standard for light neutral collisional sys-
tems. Moreover, these transitions display the usual properties of
3Σ systems where the magnitude of the transitions varies with the
transfered angular momentum as (∆n1 = ∆ j1) > (∆n1 , ∆ j1).

ND collisions with H2 yield rate coefficients that differ by a
factor of 3–5 with respect to those of NH. These large differences
could have been anticipated for such light collisional systems
due to the large differences in spectroscopic parameters and the
large displacement of the center of mass. Consequently, these
findings highlight the importance of computing rate coefficients
explicitly for deuterated isotopologs. Additionally, a comparison
between H2 and scaled-He colliders has shown deviations of a
factor >5, emphasizing the inadvisability of using of He as a
proxy for rate coefficients involving H2.

The treatment of the hyperfine structure was done using the
IOS approach (Faure & Lique 2012) with the NG correction
(Neufeld & Green 1994), adapted for the first time to colli-
sions between an open-shell target in a 3Σ electronic state and
a linear molecule. This allowed us to provide hyperfine col-
lisional data up to 200 K for NH collisions and 100 K for
ND collisions, including energy levels up to n1 = 4. The com-
puted hyperfine rate coefficients follow a strong propensity for
∆n1 = ∆ j1 = ∆F1 = ∆F transitions. A larger gap is observed
between ∆n1 , ∆ j1 = ∆F1 = ∆F and ∆n1 = ∆ j1 = ∆F1 , ∆F
transitions in the case of NH as opposed to ND collisions.

The new sets of NH–H2 fine and hyperfine resolved rate coef-
ficients were included in a radiative transfer modeling for typical
conditions of the ejecta of the ηCarinae binary star and the Orion
Bar PDR where NH submillimeter lines have been detected in
emission. We found important differences between the present
column densities and those derived in the literature (up to a fac-
tor of ∼5). These differences are mainly due to the use of the
new NH–H2 rate coefficients. These results suggest a downward
revision of the calculation of the abundance of NH (and possibly
ND) in these environments using more robust radiative trans-
fer models. These data are expected to be useful for interpreting
observations of these species detected in both cold and warm
environments where both ortho- and para-H2 coexist.

The computed collisional data for the fine and hyperfine
structure of NH and ND in collision with both ortho- and para-
H2 will be available on the following data bases: EMAA2,
BASECOL (Dubernet et al. 2024), and LAMDA (Van der Tak
et al. 2020).
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Appendix A: Scattering parameters used for
dynamical calculations

The resolution of the CC equations requires optimizing several
parameters in order to converge fine-structure cross sections for
different total energies Etot. For NH and ND in collision with
ortho- and para-H2, the total energy grid is chosen with an
increasing step ∆E with the energy. The step is small at low
energies to be able to describe resonances and becomes larger
at higher energies to save computational time since the energy
variation of the cross sections become smoother. The converged
rotational basis nmax of the target considered and the total angu-
lar momentum Jtot are presented in the Tables A.1–A.2. These
parameters were chosen in order to converge integral cross sec-
tions to 1% accuracy per parameter. The wavefunctions were
propagated for all collisional systems from 3.75a0 to 60a0. The
inclusion of the rotational basis jmax

2 = 0,2 for para-H2 and
jmax
2 = 1 for ortho-H2 were found to be enough for converged

scattering calculations. As reported in Paper I, the impact of
higher basis for both colliders on cross sections is less than 5%
around Etot = 500 cm−1 and can be neglected. The reduced
mass used for the NH–H2 and ND–H2 collisional systems are
respectively 1.777 and 1.790 amu.

Appendix B: Details about IOS scaling relations

We describe here a more detailed derivation of the IOS scaling
relations. From Eq. (6), it is possible to use angular momentum
algebra in order to write the collisional integral cross section
between a 3Σ target and a linear collider so that

σn1 j1 j2→n′1 j′1 j′2 = [n1n′1 j′1 j′2]
∑
λ1λ2λ

(
n′1 λ1 n1
0 0 0

)2

×

(
j′2 λ2 j2
0 0 0

)2 {
j1 n1 S
n′1 j′1 λ1

}2

× σλ1λ2λ
, (B.1)

where σλ1λ2λ
is a quantity defined as

σλ1λ2λ
=
π

k2

∑
LL′

(4π)−3[λLL′]
(

L′ λ L
0 0 0

)2

T 2
λ1λ2λ

(B.2)

and Tλ1λ2λ
represents the IOS T -matrix coefficients excluding the

angular dependence, similar to the coefficients defined by Corey
& McCourt (1983) applied for atom-molecule collisions.

Table A.1. Converged parameters used in close-coupling calculations for the NH–H2 collisional system.

NH–ortho-H2 NH–para-H2

Etot (cm−1) ∆E (cm−1) nmax Jtot Etot (cm−1) ∆E (cm−1) nmax Jtot
150.3–153.7 0.1 7 8 31.6–35.0 0.1 7 15
153.8–168.7 0.1 7 13 35.1–50.0 0.1 7 20
168.8–218.7 0.1 7 20 50.1–100.0 0.1 7 23
218.8–318.7 0.1 10 40 100.1–200.0 0.1 8 28
318.9–418.7 0.2 10 60 200.2–300.0 0.2 10 50
419.2–618.7 0.5 10 70 300.5–500.0 0.5 10 60
619.2–818.7 0.5 10 85 500.5–700.0 0.5 10 65
819.7–1118.7 1 11 90 701–1000 1 12 80

1123.7–1318.7 5 12 95 1005–1200 5 12 85
1323.7–1618.7 5 12 100 1205–1500 5 13 115
1623.7–2118.7 5 14 125 1505–2000 5 13 120
2168.7–2568.7 50 15 140 2050–2450 50 14 125

Table A.2. Converged parameters used in close-coupling calculations for the ND–H2 collisional system.

ND–ortho-H2 ND–para-H2

Etot (cm−1) ∆E (cm−1) nmax Jtot Etot (cm−1) ∆E (cm−1) nmax Jtot
135.2–153.7 0.1 6 15 16.5–35.0 0.1 6 15
153.8–168.7 0.1 6 18 35.1–50.0 0.1 7 17
168.8–218.7 0.1 8 24 50.1–100.0 0.1 8 21
218.8–318.7 0.1 8 33 100.1–200.0 0.1 8 27
318.9–418.7 0.2 10 36 200.2–300.0 0.2 10 27
419.2–618.7 0.5 12 45 300.5–500.0 0.5 10 30
619.2–818.7 0.5 12 51 500.5–700.0 0.5 12 39
819.7–1118.7 1 14 57 701–1000 1 14 45

1123.7–1318.7 5 14 60 1005–1200 5 14 51
1323.7–1618.7 5 14 66 1205–1500 5 14 54
1623.7–2118.7 5 16 75 1505–2000 5 16 63
2168.7–2568.7 50 18 81 2050–2450 50 18 69
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Within the IOS approximation, we can express the integral
cross section for a transition n1 j1 j2 → n′1 j′1 j′2 out of the n1, j1

=

10 fine-structure level. For collisions induced by H2, we detail
two cases. These are treated in a pure Hund’s case (b) even if
the intermediate coupling is used for the calculations of the CC
cross sections.

B.1. para-H2

Setting n1 = 1, j1 = 0 and j2 = 0 in (B.1) gives

σ100→n′1 j′1 j′2 = 3[n′1 j′1 j′2]
∑
λ1λ2λ

(
n′1 λ1 1
0 0 0

)2

×

(
j′2 λ2 0
0 0 0

)2 {
0 1 S
n′1 j′1 λ1

}2

σλ1λ2λ
. (B.3)

It is possible to see that by setting n′1 = λ1 + 1, the 3j and 6j
coefficients are nonzero for j′1 = λ1 and j′2 = λ2 so that

σ100→λ1+1,λ1λ2
= 3[λ1 + 1][λ1λ2]

(
λ1 + 1 λ1 1

0 0 0

)2

×

(
λ2 λ2 0
0 0 0

)2 {
0 1 S

λ1 + 1 λ1 λ1

}2

× σλ1λ2λ
. (B.4)

It should be noted that an equivalent set of equations like
(B.4) can be found for n′1 = λ1 − 1. In the following and for
the determination of the hyperfine rate coefficients, we chose to
use the case where n′1 = λ1 + 1. The evaluation of the 3j and 6j
coefficients in (B.4) leads to the expression for σλ1λ2λ

:

σλ1λ2λ
=

[λ1]
λ1 + 1

σ100→λ1+1,λ1λ2
. (B.5)

This relation stands for S = 1. By reintroducing (B.5) into (B.1),
we obtain the IOS cross section scaling relation out of the n1, j1

=

10 in the case of a collision with para-H2:

σ
IOS-p
n1 j1 j2→n′1 j′1 j′2

= [n1n′1 j′1 j′2]
∑
λ1λ2

[λ1]
λ1 + 1

(
n′1 λ1 n1
0 0 0

)2

×

(
j′2 λ2 j2
0 0 0

)2 {
n′1 n1 λ1
j1 j′1 S

}2

× σCC
100→λ1+1,λ1,λ2

, (B.6)

where the IOS cross section is replaced by the CC cross section.
It is also possible to replace the cross section by the rate coef-
ficient. The extension to hyperfine scattering calculation gives
directly Eq. (9).

B.2. ortho-H2

Similarly, by applying n1 = 1, j1 = 0 and j2 = 1 in (B.1), we find

σ101→n′1 j′1 j′2 = 3[n′1 j′1 j′2]
∑
λ1λ2λ

(
n′1 λ1 1
0 0 0

)2

×

(
j′2 λ2 1
0 0 0

)2 {
0 1 S
n′1 j′1 λ1

}2

σλ1λ2λ
. (B.7)

In this case, for n′1 = λ1 + 1, the 3j and 6j coefficients give a
contribution for j′1 = λ1 and j′2 = λ2 + 1. Replacing in (B.7), we
find

σ101→λ1+1,λ1,λ2+1 = 3[λ1 + 1, λ1, λ2 + 1]
(
λ1 + 1 λ1 1

0 0 0

)2

×

(
λ2 + 1 λ2 1

0 0 0

)2 {
0 1 S

λ1 + 1 λ1 λ1

}2

× σλ1λ2λ
. (B.8)

The 3j and 6j coefficients in (B.8) are analyzed so that the
expression for σλ1λ2λ

becomes

σλ1λ2λ
=

[λ1]
λ1 + 1

[λ2]
λ2 + 1

σ101→λ1+1,λ1,λ2+1. (B.9)

We can reintroduce (B.9) into (B.1) and obtain the IOS cross sec-
tion scaling relation out of the n1, j1

= 10 in the case of a collision
with ortho-H2:

σIOS-o
n1 j1 j2→n′1 j′1 j′2

= [n1n′1 j′1 j′2]
∑
λ1λ2

[λ1]
λ1 + 1

[λ2]
λ2 + 1

(
n′1 λ1 n1
0 0 0

)2

×

(
j′2 λ2 j2
0 0 0

)2 {
n′1 n1 λ1
j1 j′1 S

}2

× σCC
101→λ1+1,λ1,λ2+1. (B.10)

Similarly to the case of para-H2 the extension to hyperfine
scattering calculation is given by Eq. (10).

Appendix C: Details about fine-structure Einstein
coefficients

For an open-shell molecule following the coupling scheme given
in Sect. 3.1, the general form of the Einstein coefficient is given
by (see, e.g., Sobelman 1979)

An1 j1→n′1 j′1 =
64π4ν3

3hc3

S ′n1 j1→n′1 j′1

[ j1]
, (C.1)

S ′n1 j1→n′1 j′1
= [ j1 j′1]

{
n1 j1 S
j′1 n′1 1

}2

S ′n1→n′1
,

where ν is the frequency of the transition, h is the Planck con-
stant, c is the speed of light, and S ′n1 j1→n′1 j′1

and S ′n1→n′1
are the

line strength factors for a fine-structure and a rotational transi-
tion, respectively. The S ′n1→n′1

term depends on the electric dipole
moment matrix elements, which allow transitions for ∆n1 = ± 1
(Axner et al. 2004). It turns out that

S ′n1→n′1
= µ2

Dmax(n1, n
′
1) = µ2

Dn1. (C.2)

Reintroduce (C.2) into (C.1) simplifies to

An1 j1→n′1 j′1 =
64π4ν3

3hc3 µ
2
Dn1[ j′1]

{
n1 j1 S
j′1 n′1 1

}2

. (C.3)

In the case of NH and ND, S = 1 and µD = 1.39 D (Keun Park &
Sun 1993).
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