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ABSTRACT

Ammonia is one of the most widely observed molecules in space, and many observations are able to resolve the hyperfine structure
due to the electric quadrupole moment of the nitrogen nucleus. The observed spectra often display anomalies in the satellite
components of the lines, which indicate substantial deviations from the local thermodynamic equilibrium. The interpretation of
the spectra thus requires the knowledge of the rate coefficients for the hyperfine excitation of NH; induced by collisions with
H; molecules, the dominant collider in the cold interstellar medium. In this paper, we present the first such calculations using a
recoupling approach. The rate coefficients are obtained for all hyperfine levels within rotation—inversion levels up to j = 4 and
temperatures up to 100 K by means of quantum scattering close-coupling calculations on an accurate, five-dimensional, potential
energy surface. We show that the rate coefficients depart significantly from those obtained with the statistical approach and that
they do not conform to any simple propensity rules. Finally, we perform radiative transfer calculations to illustrate the impact of
our new rate coefficients by modelling the hyperfine line intensities of the inversion transition in ground-state para-NHs (ji =

1,) and of the rotational transition 15 — Og in ortho-NH3.
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1 INTRODUCTION

Since its first detection in the interstellar medium (Cheung et al.
1968), ammonia (NH3) has often been used to probe the physical
properties of molecular clouds due to the favourable structure of its
energy levels and its high abundance in a variety of astrophysical
sources. The rotational levels of NHj3 are denoted as j; (where j is
the angular momentum and £ its projection on the molecular axis),
and the presence of metastable states for j = k that can only decay
through molecular collisions makes NH3 an excellent probe of the
local temperature. NHj3 exists in two forms, namely ortho-NHj3 (for
k = 3n, where n is an integer) and para-NHj; (for kK = 3n £ 1) that
cannot be interconverted through radiative or inelastic collisional
processes. In addition, the inversion (or umbrella) motion causes
a splitting of each j; level into a doublet (with the exception of
k = 0 due to spin statistics) whose components, denoted as j;"
and j_, are separated by 0.79 cm~! (23.68 GHz). NH; can thus
be detected in different frequency ranges corresponding to pure
inversion, rotational, or vibrational transitions.

In most astrophysical observations, the hyperfine structure due to
the electric quadrupole moment of nitrogen is resolved. Nitrogen
nuclei possess a spin of / = 1, so that each rotation—inversion level is
further split into three hyperfine components F (with the exception
of ground-state ortho-NH3), with a separation of the order of a MHz.
A rotational line is thus split into five lines: the main line (AF =
0), as well as two inner and two outer satellite lines characterized by
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AF = =£1. The lines are further split by the spins of the H nuclei, but
this interaction is much weaker and will be neglected here.

The relative intensity of hyperfine lines can be used to derive
opacities if the various hyperfine components have the same ex-
citation temperature and if the opacity is not too large (Barrett,
Ho & Myers 1977; Ho & Townes 1983). However, NH; hyperfine-
resolved observations commonly display anomalies in the spectra,
where the intensities within a pair of satellite lines are not equal. This
indicates different excitation temperatures, meaning that the satellite
components do not obey the local thermodynamic equilibrium (LTE)
assumption in the interstellar medium. Such anomalies were first
observed by Matsakis et al. (1977) in source DR21 and subsequently
by various authors (see e.g. Matsakis et al. 1980; Gaume, Wilson &
Johnston 1996; Rathborne et al. 2008; Rosolowsky et al. 2008;
Camarata, Jackson & Chambers 2015; Caselli et al. 2017; Zhou
et al. 2020) in diverse sources. If the hyperfine levels are not popu-
lated thermally, the interpretation of observations requires radiative
transfer models to account for non-LTE effects. These occur mainly
because of collisional excitation by H, molecules, and a knowledge
of accurate rate coefficients for the hyperfine excitation of NH; by H,
is thus necessary. In addition, modelling the strength of the hyperfine
anomalies can be used to deduce the local H, density.

Models to interpret anomalies were developed by Stutzki &
Winnewisser (1985a, b) based on rate coefficients calculated for
NH;-He collisions as a proxy for NH;—H, collisions. Beside this
work, Chen et al. (1998) also computed hyperfine-resolved rate
coefficients for NH;—He collisions. To this day, there are thus no
accurate collisional data for the hyperfine excitation of NH3 by H,
molecules.
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Various theoretical techniques exist to compute such rate co-
efficients. Among these, the simplest is the statistical approach,
which assumes that the rate coefficients for hyperfine excitation
are proportional to the hyperfine degeneracy of the final state. In
this case, rate coefficients for pure rotational transitions, which are
available for molecules such as NH3, are the only ingredient needed
to obtain hyperfine-resolved rate coefficients. This method was used
to interpret the observations of Caselli et al. (2017) for the 1p—0o
transition in the pre-stellar core L1544. The infinite-order sudden
(I0S) limit approximation, used by Stutzki & Winnewisser (1985a),
ignores the rotational energy spacing and allows again to obtain the
hyperfine-resolved rate coefficients on the basis of the pure rotational
ones. Given the nature of its assumptions, this approximation is,
however, not expected to be valid at low temperatures, i.e. at
temperatures close to or lower than the rotational spacings. Finally,
the method used in this work is the recoupling approach, which
was also adopted by Chen et al. (1998) but for NH;—He collisions
and combined with the coupled-states approximation.! The only
approximation in our version of the recoupling approach is the
assumption that the hyperfine levels are degenerate, i.e. their splitting
is negligible compared to the temperature (Alexander & Dagdigian
1985). While computationally more demanding, it is also expected to
be more accurate than the statistical or sudden methods. A summary
and comparison of these different approaches can be found in Faure &
Lique (2012) for the linear molecules CN and HCN.

In this work, we present rate coefficients for the hyperfine
excitation of ortho- and para-NH; in collisions with para-H, for
all levels up to j = 4 and for temperatures up to 100 K. While
the rotation—inversion collisional excitation of NH3; by H, has been
widely studied theoretically over the past decades (Danby et al. 1987;
Offer & Flower 1990; Maret et al. 2009; Ma et al. 2015; Bouhafs
et al. 2017; Demes et al. 2023) and experimentally with crossed
beams (Schleipen & ter Meulen 1991; Tkac et al. 2015; Gao et al.
2019), to the best of our knowledge this represents the first effort
to provide hyperfine collisional excitation rate coefficients of NH;
(or any non-linear molecule) by H, with the accurate recoupling
approach.

The paper is structured as follows: in Section 2, we discuss the
theoretical methods employed. In Section 3, we discuss the features
of the hyperfine-resolved rate coefficients, and in Section 4 we
present radiative transfer calculations to investigate the impact of
these new data on the modelling of ammonia spectra. Finally, we
summarize our findings in Section 5.

2 THEORY

The scattering calculations were performed in two steps. First, we
computed the scattering matrix for rotation—inversion transitions by
means of the fully quantum-mechanical close-coupling (CC) method.
This method has been used to obtain accurate cross-sections for
rotational excitation of NH; induced by collisions with H; by several
authors (see e.g. Danby et al. 1987; Rist, Alexander & Valiron 1993)
and we refer to these papers for further methodological details.
Similarly to recent theoretical works (Ma et al. 2015; Bouhafs et al.
2017; Demes et al. 2023), we employ the accurate five-dimensional
rigid-rotor potential energy surface of Maret et al. (2009), which
was constructed by fitting ab initio energies obtained with the

I'We note that the results of Chen et al. (1998) are questionable and should
not be used because some of their rate coefficients are unphysically large (up
to 1077 ¢cm? s_').
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coupled cluster method with single, double, and perturbative triple
excitations.

The cross-sections for rotation—inversion transitions can be ob-
tained from the 7-matrix elements 7'/ o ol Ky i1 where v
Jrkvja jial jiK'V 5 j1s
denoted the inversion level, J is the quantum number associated
with the total angular momentum of the collision complex without
nuclear spin (J = ji2 + L), ji12 = j1 + j2, where j; and j, are the
angular momenta of NH; and H,, respectively, and L is the relative
orbital angular momentum of the collision. We do not discuss here
the properties of the cross-sections for rotation—inversion transitions
as these are identical to those reported recently by Bouhafs et al.
(2017) and Demes et al. (2023).

In a second step, the recoupling approach is used to compute
hyperfine-resolved cross-sections. When the nuclear spin of the N
atom (I = 1) is included, each level of NHj is split into three
components, and the total angular momentum J; is obtained by the
coupling J; = J + I. However, the hyperfine splittings are of the
order of the MHz (i.e. about 107> to 10~* K), which is much smaller
than the rotational spacings and collisional energies considered here.
We thus assume that the hyperfine levels of NH3 are degenerate.
In this case, the nuclear spin wavefunctions can be decoupled from
the rotational wavefunctions and, as shown by Offer, van Hemert &
van Dishoeck (1994), the angular momenta can also be recoupled as
F=j+1,jg=j»+ L,and J; = jg + F.The T-matrix elements
including nuclear spin, T, can then be obtained from the spin-free
T-matrix elements 7’ as
T_,{[quz_;Rz,;‘;u’F'_,‘z’_/,;z/ _ Z (—1)irtigHH it

J,j12,Jis
S oy
(FIF Nl 11D 1] { A } {f‘ 7 }

Jr v J Jjr i J T/ 1)
IO F (T J F [ ikviinl ik i

where {... } denotes a 6-j symbol and [x] = 2x + 1.

The state-to-state hyperfine cross-sections for NH;—H; can be then
computed from the 7-matrix according to the expression (Offer et al.
1994)

T
O kvFjy. i KV F i, = - E 2Jr +1
Jik F_/_,_/]k F_]2 klz(ZF + 1)(212 + 1) 0 ( T )
Ji 2
D T orsnst. i gl @

I jrijg

The scattering calculations were carried out with the HIBRIDON
programme (Alexander et al. 2023) for total energies between 0 and
600 cm~' on a grid of 700 energies for ortho-NH; and 660 energies
for para-NHj;. These calculations were performed independently for
ortho-NH3 and para-NHj; as ortho-para conversion is forbidden in
inelastic collisions. The energy step was 0.5 cm™' at the lowest
energies and increased gradually up to 4 cm ™' at the highest energies.
We used the log-derivative propagator in the short range, and the
Airy propagator in the long range (R > 25ay). Transitions between
levels up to j; = 6 with j, = 0 were converged with a rotational basis
including all levels up to j; = 8 and j, = 0, 2. The rotational constants
of NH; were taken as A = B =9.9402 cm™!, C = 6.3044 cm~' with
an inversion splitting of 0.7903 cm™', while the rotational constant
of H, was taken as 59.3801 cm™! as in Bouhafs et al. (2017). Tests
were performed to ensure convergence of the cross-sections with
respect to J in equation (2) at all energies, as well with respect to the
parameters of the radial grid.



Rate coefficients were then calculated by averaging cross-
sections for initial and final states i and f, o' ¢(E..), over the Maxwell—
Boltzmann distribution of collision energies as expressed:

8 \* , [™

kif(T) = (—) B / Ecoii(Ec)e PFedEL.. 3)
7T up 0

where = k,%r and kg, T, and u denote the Boltzmann constant, the

kinetic temperature, and the NH;—H, reduced mass, respectively.

3 HYPERFINE RATE COEFFICIENTS

Hyperfine excitation rate coefficients were calculated for tempera-
tures up to 100 K and for transitions involving all levels up to j; =
4 for both ortho-NH3 and para-NHj;, corresponding to a total of 625
transitions for ortho-NH; and 2304 transitions for para-NH3. Only
excitation due to p-H, (j, = 0) is considered here since excited H,
levels are not significantly populated at the temperatures of molecular
clouds where the hyperfine structure is resolved.

Rate coefficients for hyperfine transitions from the rotational
state 2] down to level 1] are presented in Fig. 1 as a function of
temperature up to 100 K. The rate coefficients are seen to be weakly
dependent on 7, a trend that follows directly from the behaviour of the
rate coefficients for pure rotational transitions. On the same figure, we
also present for comparison the statistical hyperfine rate coefficients.
The statistical approach, also known as the M; randomizing limit
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Figure 1. Rate coefficients for the transitions 2;‘ F — 1] F’ of NH3 induced
by collisions with Hy as a function of temperature: (a) F' =0, (b) F' = 1, (¢)
F' =2, and comparison to the statistical rate coefficients given by equation (4).

Hyperfine collisional excitation of NH; 3

Table 1. Rate coefficients for the transitions ZTF — ITF " and ZTF —
17 F’ of NH3 induced by Hy at a temperature of 30 K. Brackets indicate
powers of 10.

Jrv=jpv’ F =0 F =1 F=2

2717 F=1 5.16[—13] 1.98[—11] 7.27[—12]
F=2 8.62[—12] 3.11[—12] 1.58[—11]
F=3 1.85[—13] 8.99[—12] 1.84[—11]

20-17 F=1 3.31[—11] 2.57[—11] 4.97[-12]
F=2 3.96[—13] 4.58[—11] 1.76[—11]
F=3 7.19[—13] 1.83[—12] 6.12[—11]

Table 2. Quasi-elastic rate coefficients for the excitation jyvF — jiv'F’ for
rotational levels 11, 2, and 2| of NH3 by Hy at 25 K. Comparison with
the data of Stutzki & Winnewisser (1985a, last column). Brackets indicate
powers of 10.

Jk F-F v=—yt=— v=—0 =+ Ref.

1 0-2 2.43[—11] 1.22[—11] 2.49[—11]
1 0-1 1.83[—11] 8.96[—11] 8.66[—11]
1 2-1 1.55[—11] 2.79[—11] 3.28[—11]
25 1-3 2.58[—12] 1.42[—12] 1.92[—11]
2 1-2 1.44[—11] 3.05[—11] 7.02[—11]
25 3-2 7.42[—12] 1.41[—11] 3.88[—11]
2 2-3 5.31[—12] 8.29[—12] 5.26[—11]
2, 21 4.13[-12] 6.84[—12] 4.14[-11]
2 3-1 7.93[—13] 9.17[—13] 7.41[—12]

(Alexander & Dagdigian 1985), is a commonly used approximation
to compute hyperfine-resolved excitation rate coefficients, which
assumes that the cross-sections or rate coefficient for hyperfine
excitation are directly proportional to the degeneracy of the final
hyperfine state and independent of the initial hyperfine state. For
NH;-H,, the statistical rate coefficients are expressed as

stat 2F’ + 1

5 Sl — k.U.,/U,V 4
JkvF, j'k'V' F (21+1)(2]/+1) Jkv,j'k ( )

where ki, j1y are the nuclear spin-free rate coefficients calculated
with the CC method and / = 1. To simplify the notation, in the
remainder of the paper, we use j to denote the rotational quantum
number of NHj; instead of j; without ambiguity since j, = 0.

As can be seen from Fig. 1, for all three final hyperfine states
of the transition 27 F — 17 F’ the statistical rate coefficients fall
between the recoupling values, but a strong dependence on F’ can
be observed and large deviations from the M, randomizing limit are
seen to occur. It is thus clear that the statistical method cannot be used
to obtain accurate hyperfine rate coefficients in the case of NH;—H,
collisions.

From Fig. 1, it can be seen that the known propensity rule AF =
Aj (Alexander & Dagdigian 1985) holds for the transitions within
27 — 17. However, this is not a general trend. In Table 1, we report
the rate coefficients for transitions from levels 2 F down to levels
17 F and 1 F at a fixed temperature of 30 K. For the case of 2] F
to 17 F transitions (as well as for a large number of transitions
involving higher lying rotational levels), the AF = Aj propensity
rule is not respected. In addition, Table 1 also shows that the largest
rate coefficients are not necessarily those with the largest F’, as would
be expected from a statistical behaviour.

Of interest are also the quasi-elastic rate coefficients, i.e. rate
coefficients for hyperfine excitation within a single rotational level.
We present in Table 2 the quasi-elastic rate coefficients jivF —

MNRAS 00, 1 (2023)
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Table 3. Relative factors (equation 5) for the transitions ITF — 2]" F’ and
ITF — 2] F’ of NH3 induced by H; at a temperature of 25 K. The values
in parentheses are from Stutzki & Winnewisser (1985a).

F=1 F=2 F =3
1FF2FF F=0 003008 095(0.65  0.02(0.27)
F=1  043(031) 0.11(0.20)  0.46 (0.48)
F=2  009(0.16) 035(035  0.56 (0.50)
1FF2, F' F=0  093(0.57) 0.02(0.28)  0.05(0.15)
F=1  024(027) 0.72(0.50)  0.04(0.23)
F=2 003009 017024  0.81(0.67)

JivF' at 25 K for the first three rotational states of para-NHs,
and for the antisymmetric inversion level (v = v/ = —). The
corresponding F—F’ transitions involving the symmetric inversion
levels (v = v = +) are similar although not identical, with
differences of up to a few percent (not shown). In addition, we
also report in the same table the rate coefficients corresponding to
a change of inversion level (— — +; the reverse rate coefficients
can be obtained by detailed balance). It should be noted that those
are not strictly quasi-elastic, since the — — + pure inversion
transition corresponds to an energy transfer of 0.79 cm~!. It can
be noticed that the rate coefficients strongly depend on the final
inversion level, with differences that reach a factor 5 between v/ =
— and v = +. Interestingly, the rate coefficients for inversion-
conserving transitions j, F — j, F’, which would be elastic if the
nuclear spin were neglected, are in many cases smaller than those
of the corresponding inversion-changing transitions j, F — j F’.
Finally, the last column of Table 2 compares our values to the
results of Stutzki & Winnewisser (1985a), which are independent
of the inversion level, and show important discrepancies of up
to an order of magnitude for some quasi-elastic transitions. It is
worth emphasizing that those results were obtained using a different
method, namely the IOS approximation, which is not expected to
be accurate at low temperatures. In addition, Stutzki & Winnewisser
(1985a) used a potential for NH;—He instead of NH3;—H,, which
leads to an additional error. Finally, we note that our quasi-elastic
rate coefficients are of the same order of magnitude as those for
inelastic transitions.

From their IOS calculations, Stutzki & Winnewisser (1985a)
compute relative factors, defined as the ratio of hyperfine rate
coefficients divided by the rotational excitation rate coefficient,
kjkor,jiv F

(&)

srr kjkv,j/k’v/

While the absolute 10S rate coefficients are not expected to be
accurate at low temperature, the method should provide relative
factors that are better than the statistical ones. These relative factors
obtained with the recoupling approach are presented in Table 3 and
compared to the 10S results of Stutzki & Winnewisser (1985a) for
the 17-27 and 1727 excitation transitions. We observe that in most
cases the IOS method does predict the correct propensities, and
performs better than the statistical approach, as expected. On the
other hand, it is clear that IOS is not sufficient to obtain accurate rate
coefficients, since discrepancies of up to 50 per cent are seen for the
dominant rate coefficients and up to a factor 10 for the smallest rate
coefficients. Moreover, both the I0S and recoupling relative factors
are almost independent of the temperature in the range explored here
(see Fig. 1), which shows that the discrepancies discussed above
remain up to temperatures of at least 100 K.
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4 RADIATIVE TRANSFER CALCULATIONS

In order to investigate the impact of the hyperfine rate coefficients
on the non-LTE modelling of NH3 spectra, we present below simple
radiative transfer calculations using two different sets of hyperfine-
resolved collisional data: (1) the precise set of recoupling rate
coefficients and (2) the approximate set of statistical rate coefficients,
as defined in equation (4).

Radiative transfer calculations were performed with the non-LTE
RADEX programme (van der Tak et al. 2007) using the large velocity
gradient formalism for an expanding sphere. The code was employed
to compute the radiation temperature 7g of low-lying hyperfine
transitions in both para- and ortho-NHj;. The hyperfine energy levels
and radiative rates were taken from the CDMS catalogue (Miiller
et al. 2005). The kinetic temperature was fixed at 10 K, which is
typical of cold molecular clouds, while the hydrogen density was
varied in the range 10°-10° cm™3. The para-NH3 (or ortho-NH3)
column densities were selected in the range 10'>~10'> cm™2 with a
line width (full width at half-maximum) of 1 km s~'. No radiation
field was considered except the cosmic microwave background at
2.73 K. We have also checked with the MOLPOP code (Asensio
Ramos & Elitzur 2018) that line overlap effects, which are ignored
by RADEX, are mostly negligible with the above parameters, allowing
us to focus on the impact of the collisional data.

We first consider the inversion transition 1; — 1} of para-NH;
at 23.68 GHz. This transition has been widely observed in the
interstellar medium since its first detection by Cheung et al. (1968).
Anomalies in the hyperfine intensities of this line were reported
in the 1970s (Matsakis et al. 1977) and these anomalies are now
known to be very common in star-forming regions. In the anomalous
spectra, the intensities of the outer satellite lines are not equal: the
F =0 — 1 component is stronger and the F = 1 — 0 component
is weaker than expected. Radiative transfer models have shown that
these anomalies can be reproduced by non-LTE effects induced by
photon trapping of selected hyperfine transitions in the rotational
transition 2?“/ T 1]_/ *, as explained by Stutzki & Winnewisser
(1985b; see, in particular, their fig. 2). Systematic motions, such as
expansion and collapse, are also expected to play a role and the
relative contribution of these effects remains a matter of debate (see
Zhou et al. 2020, and references therein). In any case, because non-
LTE populations depend on the competition between the radiative
and collisional rates, the accuracy of hyperfine selective collisional
rate coefficients should be critical for a correct interpretation of the
anomalies in the 17 — 1] inversion transition.

In Fig. 2, we have plotted the intensity ratio of the outer hyperfine
satellite line F = 0 — 1 relative to the strongest component F = 2
— 2, for the two sets of collisional rates (recoupling and statistical).
At low hydrogen density, the ratio is found to increase above the
‘natural’ intensity ratio (0.266) as soon as the column density exceeds
~10" cm™~2. The ratios then increase with increasing density and
plateaus are reached when n(H,) is larger than about 10° cm™3,
where LTE conditions are fulfilled. For column densities above
~10™ cm™2, we can notice the impact of the collisional data set:
the intensity ratios are decreased by up to 20 percent when the
statistical data set is employed. This demonstrates the importance of
the hyperfine propensity rules when the total opacity of the line is
larger than ~1. A similar result was actually observed by Stutzki &
Winnewisser (1985a) using hyperfine collision rates computed with
the IOS approximation and using helium instead of H; as the collider.
As concluded by these authors, a precise knowledge of the hyperfine-
resolved rate coefficients is thus required for a reliable modelling of
observational data.
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component F = 2 — 1 as a function of the hydrogen density for a set of
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at 1 kms™!,

A second example is the ortho-NH3 ground-state rotational tran-
sition 15 — 0y at 572.5 GHz. The electric quadrupole hyperfine
structure of this line was resolved for the first time in space thanks
to Herschel observations towards the cold pre-stellar core L1544
(Caselli et al. 2017). The three hyperfine components were found to
be heavily self-absorbed and a sophisticated radiative transfer model
was employed to reproduce the observed profile and to deduce the
NH; radial abundance in the core. In that work, hyperfine selective
collisional data were generated from the rotational rate coefficients
of Bouhafs et al. (2017) by applying the statistical approach to the
electric quadrupole and magnetic hyperfine splittings. In Fig. 3, we
have plotted the intensity ratio of the hyperfine component F' = 1
— 1 relative to the strongest component F' = 2 — 1, again for the
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two sets of collisional rates (recoupling and statistical). We note that
our statistical set is identical to that used by Caselli et al. (2017)
except that the magnetic splittings (<100 kHz) are neglected here.
At low hydrogen density, the ratio is found to lie slightly below the
natural intensity ratio (0.6) for column density above ~10'2 cm~2.
When the H, density exceeds ~10° cm™3, however, the intensity
ratios rise above 0.6 and the LTE plateaus are reached at H, densities
larger than ~10% cm™3, as expected from the large radiative rates
(A ~ 1.58 x 1073). The impact of the rate coefficients is smaller
than in the case of the para-NHj transition (Fig. 2) with a maximum
difference of ~10 per cent in the intensity ratios. This is not really
surprising since the recoupling and statistical rate coefficients for the
hyperfine transitions 1§ F — 0y F’ = 1 are identical and equal to the
pure rotational rate coefficients (by construction since the rotational
0, level has a single hyperfine sub-level F' = 1). Thus, only the
rate coefficients corresponding to hyperfine transitions within the
rotational level 1], the so-called quasi-elastic rate coefficients, are
different in the two data sets: they are set to zero in the statistical set,
while they are comparable to the pure rotational rate coefficient in the
recoupling set. We can conclude that the quasi-elastic rate coefficients
have a significant although moderate impact in the radiative transfer
calculation.

Finally, we wish to stress that the above results are only illustrative:
more sophisticated radiative transfer calculations are clearly needed
to explore a much larger parameter space and to include line overlap
as well as systematic motion effects. Preliminary calculations with
MOLPOP show, for instance, that for kinetic temperatures larger than
10 K and column densities above 10" cm™3, line overlap effects
can increase the intensity ratio F = 0 — 1/F =2 — 2 in the 1; -1}
inversion transition by more than 50 per cent. The combination of the
present recoupling rate coefficients with one-dimensional radiative
transfer codes able to handle hyperfine overlaps, such as ALICO
(Magalhaes et al. 2018), will be particularly valuable to revisit the
NH; hyperfine anomalies and to more firmly establish the role of
non-LTE effects.

5 CONCLUSION

We have presented a full set of rate coefficients for the hyperfine
excitation of ortho- and para-NHj3 in collisions with para-H, for all
levels of NH; up to j = 4 and for temperatures up to 100 K. The
calculations were performed by means of the accurate recoupling
technique, which relies on quantum-mechanical CC scattering cal-
culations. In general, the rate coefficients are weakly dependent on
the temperature, but depend strongly on all quantum numbers of NHj.
We found no clear propensity rules, and a comparison with statistical
rate coefficients (which are independent of the initial hyperfine level)
showed important deviations from this approximation. In addition,
we also found large differences with previously published results on
NH;—He collisions.

Using a simple non-LTE model, we illustrated the difference
between the accurate recoupling rate coefficients and the approximate
statistical rate coefficients on the inversion transition in ground-
state para-NH3 (1] F — 11+F/) at 23.68 GHz and on the rotational
transition 1O+F — 0y F’ in ortho-NHj3. These simple calculations
demonstrate that the two sets of rate coefficients lead to significant
differences. Moreover, non-LTE effects are predicted for column
density in excess of ~10'2 cm™2. An important extension of this
work will be to perform radiative transfer calculations using a model
that can treat line overlaps that play a key role in NHj3 hyperfine
anomalies. This would allow the investigation of non-LTE effects at
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higher temperatures, thus involving higher lying rotational states of
ammonia.

As a reminder, the present calculations only considered the
hyperfine splitting due to the nitrogen nucleus but did not take into
account the (much smaller) further hyperfine magnetic splitting due
to the three protons, which is sometimes resolved in astronomical
spectra (Rydbeck et al. 1977). We suggest that the corresponding
rate coefficients can be obtained from those presented here using the
statistical approximation.

Finally, it should also be noted that the recoupling calculations
presented in this work are accurate but computationally expensive.
At the other end, statistical rate coefficients can be immediately
obtained provided the rate coefficients for pure rotational excitation
are available. An intermediate approach is the IOS method, which
has been used with some success for the hyperfine excitation of
linear molecules by H, (Goicoechea, Lique & Santa-Maria 2022).
Extending the I0OS method and recoupling theory to asymmetric
polyatomic molecules would be beneficial in order to generate sets
of hyperfine-resolved rate coefficients for other molecules such as
deuterated ammonia (NH,D, NHD,) or H,CO.
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