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A B S T R A C T 

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 3 induced by collisions with 

H 2 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 -NH 3 ( j k = 

1 1 ) and of the rotational transition 1 0 → 0 0 in ortho -NH 3 . 

Key words: molecular data – molecular processes – radiative transfer – scattering – ISM: abundances – ISM: molecules. 
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 I N T RO D U C T I O N  

ince its first detection in the interstellar medium (Cheung et al. 
968 ), ammonia (NH 3 ) has often been used to probe the physical
roperties of molecular clouds due to the fa v ourable structure of its
nergy levels and its high abundance in a variety of astrophysical 
ources. The rotational levels of NH 3 are denoted as j k (where j is
he angular momentum and k its projection on the molecular axis),
nd the presence of metastable states for j = k that can only decay
hrough molecular collisions makes NH 3 an excellent probe of the 
ocal temperature. NH 3 exists in two forms, namely ortho -NH 3 (for
 = 3 n , where n is an integer) and para -NH 3 (for k = 3 n ± 1) that
annot be interconverted through radiative or inelastic collisional 
rocesses. In addition, the inversion (or umbrella) motion causes 
 splitting of each j k level into a doublet (with the exception of
 = 0 due to spin statistics) whose components, denoted as j + 

k 

nd j −k , are separated by 0.79 cm 

−1 (23.68 GHz). NH 3 can thus
e detected in different frequency ranges corresponding to pure 
nversion, rotational, or vibrational transitions. 

In most astrophysical observations, the hyperfine structure due to 
he electric quadrupole moment of nitrogen is resolved. Nitrogen 
uclei possess a spin of I = 1, so that each rotation–inv ersion lev el is
urther split into three hyperfine components F (with the exception 
f ground-state ortho -NH 3 ), with a separation of the order of a MHz.
 rotational line is thus split into five lines: the main line ( � F =
), as well as two inner and two outer satellite lines characterized by
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 F = ±1. The lines are further split by the spins of the H nuclei, but
his interaction is much weaker and will be neglected here. 

The relative intensity of hyperfine lines can be used to derive
pacities if the various hyperfine components have the same ex- 
itation temperature and if the opacity is not too large (Barrett,
o & Myers 1977 ; Ho & Townes 1983 ). However, NH 3 hyperfine-

esolved observations commonly display anomalies in the spectra, 
here the intensities within a pair of satellite lines are not equal. This

ndicates different excitation temperatures, meaning that the satellite 
omponents do not obey the local thermodynamic equilibrium (LTE) 
ssumption in the interstellar medium. Such anomalies were first 
bserved by Matsakis et al. ( 1977 ) in source DR21 and subsequently
y various authors (see e.g. Matsakis et al. 1980 ; Gaume, Wilson &
ohnston 1996 ; Rathborne et al. 2008 ; Rosolowsky et al. 2008 ;
amarata, Jackson & Chambers 2015 ; Caselli et al. 2017 ; Zhou
t al. 2020 ) in diverse sources. If the hyperfine levels are not popu-
ated thermally, the interpretation of observations requires radiative 
ransfer models to account for non-LTE effects. These occur mainly 
ecause of collisional excitation by H 2 molecules, and a knowledge 
f accurate rate coefficients for the hyperfine excitation of NH 3 by H 2 

s thus necessary. In addition, modelling the strength of the hyperfine
nomalies can be used to deduce the local H 2 density. 

Models to interpret anomalies were developed by Stutzki & 

innewisser ( 1985a , b ) based on rate coefficients calculated for
H 3 –He collisions as a proxy for NH 3 –H 2 collisions. Beside this
ork, Chen et al. ( 1998 ) also computed hyperfine-resolved rate

oefficients for NH 3 –He collisions. To this day, there are thus no
ccurate collisional data for the hyperfine excitation of NH 3 by H 2 

olecules. 
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Various theoretical techniques exist to compute such rate co-
fficients. Among these, the simplest is the statistical approach,
hich assumes that the rate coefficients for hyperfine excitation

re proportional to the hyperfine de generac y of the final state. In
his case, rate coefficients for pure rotational transitions, which are
vailable for molecules such as NH 3 , are the only ingredient needed
o obtain hyperfine-resolved rate coefficients. This method was used
o interpret the observations of Caselli et al. ( 2017 ) for the 1 0 –0 0 
ransition in the pre-stellar core L1544. The infinite-order sudden
IOS) limit approximation, used by Stutzki & Winnewisser ( 1985a ),
gnores the rotational energy spacing and allows again to obtain the
yperfine-resolved rate coefficients on the basis of the pure rotational
nes. Given the nature of its assumptions, this approximation is,
o we v er, not e xpected to be v alid at lo w temperatures, i.e. at
emperatures close to or lower than the rotational spacings. Finally,
he method used in this work is the recoupling approach, which
as also adopted by Chen et al. ( 1998 ) but for NH 3 –He collisions

nd combined with the coupled-states approximation. 1 The only
pproximation in our version of the recoupling approach is the
ssumption that the hyperfine levels are degenerate, i.e. their splitting
s negligible compared to the temperature (Alexander & Dagdigian
985 ). While computationally more demanding, it is also expected to
e more accurate than the statistical or sudden methods. A summary
nd comparison of these different approaches can be found in Faure &
ique ( 2012 ) for the linear molecules CN and HCN. 
In this work, we present rate coefficients for the hyperfine

xcitation of ortho - and para -NH 3 in collisions with para -H 2 for
ll levels up to j = 4 and for temperatures up to 100 K. While
he rotation–inversion collisional excitation of NH 3 by H 2 has been
idely studied theoretically o v er the past decades (Danby et al. 1987 ;
ffer & Flower 1990 ; Maret et al. 2009 ; Ma et al. 2015 ; Bouhafs

t al. 2017 ; Demes et al. 2023 ) and experimentally with crossed
eams (Schleipen & ter Meulen 1991 ; Tkac et al. 2015 ; Gao et al.
019 ), to the best of our knowledge this represents the first effort
o provide hyperfine collisional excitation rate coefficients of NH 3 

or any non-linear molecule) by H 2 with the accurate recoupling
pproach. 

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

 T H E O RY  

he scattering calculations were performed in two steps. First, we
omputed the scattering matrix for rotation–inversion transitions by
eans of the fully quantum-mechanical close-coupling (CC) method.
his method has been used to obtain accurate cross-sections for

otational excitation of NH 3 induced by collisions with H 2 by several
uthors (see e.g. Danby et al. 1987 ; Rist, Alexander & Valiron 1993 )
nd we refer to these papers for further methodological details.
imilarly to recent theoretical works (Ma et al. 2015 ; Bouhafs et al.
017 ; Demes et al. 2023 ), we employ the accurate five-dimensional
igid-rotor potential energy surface of Maret et al. ( 2009 ), which
as constructed by fitting ab initio energies obtained with the
NRAS 00, 1 (2023) 

 We note that the results of Chen et al. ( 1998 ) are questionable and should 
ot be used because some of their rate coefficients are unphysically large (up 
o 10 −7 cm 

3 s −1 ). 
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oupled cluster method with single, double, and perturbative triple
xcitations. 

The cross-sections for rotation–inversion transitions can be ob-
ained from the T -matrix elements T J 

j 1 kvj 2 j 12 l,j 
′ 
1 k 

′ v ′ j ′ 2 j 
′ 
12 l 

′ , where v 

enoted the inversion level, J is the quantum number associated
ith the total angular momentum of the collision complex without
uclear spin ( J = j 12 + L ), j 12 = j 1 + j 2 , where j 1 and j 2 are the
ngular momenta of NH 3 and H 2 , respectively, and L is the relative
rbital angular momentum of the collision. We do not discuss here
he properties of the cross-sections for rotation–inversion transitions
s 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
yperfine-resolved cross-sections. When the nuclear spin of the N
tom ( I = 1) is included, each level of NH 3 is split into three
omponents, and the total angular momentum J t is obtained by the
oupling J t = J + I . Ho we ver, the hyperfine splittings are of the
rder of the MHz (i.e. about 10 −5 to 10 −4 K), which is much smaller
han the rotational spacings and collisional energies considered here.

e thus assume that the hyperfine levels of NH 3 are degenerate.
n this case, the nuclear spin wavefunctions can be decoupled from
he rotational wavefunctions and, as shown by Offer, van Hemert &
an Dishoeck ( 1994 ), the angular momenta can also be recoupled as

F = j 1 + I , j R = j 2 + L , and J t = j R + F . The T- matrix elements
ncluding nuclear spin, T J t , can then be obtained from the spin-free
 -matrix elements T 

J as 

 

J t 
j 1 v F j 2 j R l,j 

′ 
1 v 

′ F ′ j ′ 2 j 
′ 
R 

l ′ = 

∑ 

J ,j 12 ,j 
′ 
12 

( −1) j R + j ′ 
R 

+ l + l ′ + j 2 + j ′ 2 

[ F ][ F 

′ ][ j 12 ][ j 
′ 
12 ][ j R ][ j 

′ 
R ]) 

1 / 2 [ J ] 

{
j 1 j 2 j 12 

l J j R 

} {
j ′ 1 j 

′ 
2 j 

′ 
12 

l ′ J j ′ R 

}

j R j 1 J 

I J t F 

} {
j ′ R j 

′ 
1 J 

I J t F 

′ 

}
T J 

j 1 kvj 2 j 12 l,j 
′ 
1 k 

′ v ′ j ′ 2 j 
′ 
12 l 

′ , (1) 

here { . . . } denotes a 6- j symbol and [ x ] = 2 x + 1. 
The state-to-state hyperfine cross-sections for NH 3 –H 2 can be then

omputed from the T -matrix according to the expression (Offer et al.
994 ) 

j 1 k v F j 2 ,j 
′ 
1 k 

′ v ′ F ′ j ′ 2 = 

π

k 2 i (2 F + 1)(2 j 2 + 1) 

∑ 

J T 

(2 J T + 1) 

∑ 

l l ′ j R j ′ R 

| T J t 
j 1 k v F j 2 j R l,j 

′ 
1 k 

′ v ′ F ′ j ′ 2 j 
′ 
R 

l 
| 2 . (2) 

The scattering calculations were carried out with the HIBRIDON

rogramme (Alexander et al. 2023 ) for total energies between 0 and
00 cm 

−1 on a grid of 700 energies for ortho -NH 3 and 660 energies
or para -NH 3 . These calculations were performed independently for
rtho -NH 3 and para -NH 3 as ortho -para conversion is forbidden in
nelastic collisions. The energy step was 0.5 cm 

−1 at the lowest
nergies and increased gradually up to 4 cm 

−1 at the highest energies.
e used the log-deri v ati ve propagator in the short range, and the
iry propagator in the long range ( R > 25 a 0 ). Transitions between

evels up to j 1 = 6 with j 2 = 0 were converged with a rotational basis
ncluding all levels up to j 1 = 8 and j 2 = 0, 2. The rotational constants
f NH 3 were taken as A = B = 9.9402 cm 

−1 , C = 6.3044 cm 

−1 with
n inversion splitting of 0.7903 cm 

−1 , while the rotational constant
f H 2 was taken as 59.3801 cm 

−1 as in Bouhafs et al. ( 2017 ). Tests
ere performed to ensure convergence of the cross-sections with

espect to J t in equation ( 2 ) at all energies, as well with respect to the
arameters of the radial grid. 
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Table 1. Rate coefficients for the transitions 2 + 1 F → 1 + 1 F 

′ and 2 + 1 F → 

1 −1 F 

′ of NH 3 induced by H 2 at a temperature of 30 K. Brackets indicate 
powers of 10. 

j k v –j ′ 
k ′ v 

′ F 

′ = 0 F 

′ = 1 F 

′ = 2 

2 + 1 –1 + 1 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] 

2 + 1 –1 −1 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 j k vF → j k v ′ F 

′ for 
rotational levels 1 1 , 2 2 , and 2 1 of NH 3 by H 2 at 25 K. Comparison with 
the data of Stutzki & Winnewisser ( 1985a , last column). Brackets indicate 
powers of 10. 

j k F–F 

′ v = −, v ′ = − v = −, v ′ = + Ref. 

1 1 0–2 2.43[ −11] 1.22[ −11] 2.49[ −11] 
1 1 0–1 1.83[ −11] 8.96[ −11] 8.66[ −11] 
1 1 2–1 1.55[ −11] 2.79[ −11] 3.28[ −11] 
2 2 1–3 2.58[ −12] 1.42[ −12] 1.92[ −11] 
2 2 1–2 1.44[ −11] 3.05[ −11] 7.02[ −11] 
2 2 3–2 7.42[ −12] 1.41[ −11] 3.88[ −11] 
2 1 2–3 5.31[ −12] 8.29[ −12] 5.26[ −11] 
Rate coefficients were then calculated by averaging cross- 
ections for initial and final states i and f, σ i,f ( E c ), o v er the Maxwell–
oltzmann distribution of collision energies as expressed: 

 i , f ( T ) = 

(
8 

πμβ

) 1 
2 

β2 
∫ ∞ 

0 
E c σi , f ( E c )e 

−βE c d E c . (3) 

here β = 

1 
k B T 

and k B , T , and μ denote the Boltzmann constant, the
inetic temperature, and the NH 3 –H 2 reduced mass, respectively. 

 HY P ERFIN E  R AT E  COEFFICIENTS  

yperfine excitation rate coefficients were calculated for tempera- 
ures up to 100 K and for transitions involving all levels up to j 1 =
 for both ortho -NH 3 and para -NH 3 , corresponding to a total of 625
ransitions for ortho -NH 3 and 2304 transitions for para -NH 3 . Only
xcitation due to p -H 2 ( j 2 = 0) is considered here since excited H 2 

evels are not significantly populated at the temperatures of molecular 
louds where the hyperfine structure is resolved. 

Rate coefficients for hyperfine transitions from the rotational 
tate 2 + 

1 down to level 1 −1 are presented in Fig. 1 as a function of
emperature up to 100 K. The rate coefficients are seen to be weakly
ependent on T , a trend that follows directly from the behaviour of the
ate coefficients for pure rotational transitions. On the same figure, we 
lso present for comparison the statistical hyperfine rate coefficients. 
he statistical approach, also known as the M J randomizing limit 
(a)

(b)

(c)

igure 1. Rate coefficients for the transitions 2 + 1 F → 1 −1 F 

′ of NH 3 induced 
y collisions with H 2 as a function of temperature: (a) F 

′ = 0, (b) F 

′ = 1, (c) 
 

′ = 2, and comparison to the statistical rate coefficients given by equation ( 4 ). 

2 1 2–1 4.13[ −12] 6.84[ −12] 4.14[ −11] 
2 1 3–1 7.93[ −13] 9.17[ −13] 7.41[ −12] 
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W  
Alexander & Dagdigian 1985 ), is a commonly used approximation 
o compute hyperfine-resolved excitation rate coefficients, which 
ssumes that the cross-sections or rate coefficient for hyperfine 
xcitation are directly proportional to the de generac y of the final
yperfine state and independent of the initial hyperfine state. For 
H 3 –H 2 , the statistical rate coefficients are expressed as 

 

stat 
jk v F,j ′ k ′ v ′ F ′ = 

2 F 

′ + 1 

(2 I + 1)(2 j ′ + 1) 
k jk v ,j ′ k ′ v ′ , (4) 

here k jk v ,j ′ k ′ v ′ are the nuclear spin-free rate coefficients calculated 
ith the CC method and I = 1. To simplify the notation, in the

emainder of the paper, we use j to denote the rotational quantum
umber of NH 3 instead of j 1 without ambiguity since j 2 = 0. 
As can be seen from Fig. 1 , for all three final hyperfine states

f the transition 2 + 

1 F → 1 −1 F 

′ the statistical rate coefficients fall
etween the recoupling values, but a strong dependence on F 

′ can
e observed and large deviations from the M J randomizing limit are
een to occur. It is thus clear that the statistical method cannot be used
o obtain accurate hyperfine rate coefficients in the case of NH 3 –H 2 

ollisions. 
From Fig. 1 , it can be seen that the known propensity rule � F =
 j (Alexander & Dagdigian 1985 ) holds for the transitions within
 

+ 

1 → 1 −1 . Ho we ver, this is not a general trend. In Table 1 , we report
he rate coefficients for transitions from levels 2 + 

1 F down to levels
 

+ 

1 F and 1 −1 F at a fixed temperature of 30 K. For the case of 2 + 

1 F 

o 1 + 

1 F transitions (as well as for a large number of transitions
nvolving higher lying rotational levels), the � F = � j propensity
ule is not respected. In addition, Table 1 also shows that the largest
ate coefficients are not necessarily those with the largest F 

′ , as would
e expected from a statistical behaviour. 
Of interest are also the quasi-elastic rate coefficients, i.e. rate 

oefficients for hyperfine excitation within a single rotational level. 
e present in Table 2 the quasi-elastic rate coefficients j k vF →
MNRAS 00, 1 (2023) 
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M

Table 3. Relative factors (equation 5 ) for the transitions 1 + 1 F → 2 + 1 F 

′ and 
1 + 1 F → 2 −1 F 

′ of NH 3 induced by H 2 at a temperature of 25 K. The values 
in parentheses are from Stutzki & Winnewisser ( 1985a ). 

F 

′ = 1 F 

′ = 2 F 

′ = 3 

1 + 1 F –2 + 1 F 

′ F = 0 0.03 (0.08) 0.95 (0.65) 0.02 (0.27) 
F = 1 0.43 (0.31) 0.11 (0.20) 0.46 (0.48) 
F = 2 0.09 (0.16) 0.35 (0.35) 0.56 (0.50) 

1 + 1 F –2 −1 F 

′ F = 0 0.93 (0.57) 0.02 (0.28) 0.05 (0.15) 
F = 1 0.24 (0.27) 0.72 (0.50) 0.04 (0.23) 
F = 2 0.03 (0.09) 0.17 (0.24) 0.81 (0.67) 
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observational data. 
 k vF 

′ at 25 K for the first three rotational states of para -NH 3 ,
nd for the antisymmetric inversion level ( v = v ′ = −). The
orresponding F–F 

′ transitions involving the symmetric inversion
evels ( v = v ′ = + ) are similar although not identical, with
ifferences of up to a few per cent (not shown). In addition, we
lso report in the same table the rate coefficients corresponding to
 change of inversion level ( − → + ; the reverse rate coefficients
an be obtained by detailed balance). It should be noted that those
re not strictly quasi-elastic, since the − → + pure inversion
ransition corresponds to an energy transfer of 0.79 cm 

−1 . It can
e noticed that the rate coefficients strongly depend on the final
nv ersion lev el, with differences that reach a factor 5 between v ′ =

and v ′ = + . Interestingly, the rate coefficients for inversion-
onserving transitions j −k F → j −k F 

′ , which would be elastic if the
uclear spin were neglected, are in many cases smaller than those
f the corresponding inversion-changing transitions j −k F → j + 

k F 

′ .
inally, the last column of Table 2 compares our values to the
esults of Stutzki & Winnewisser ( 1985a ), which are independent
f the inversion level, and show important discrepancies of up
o an order of magnitude for some quasi-elastic transitions. It is
orth emphasizing that those results were obtained using a different
ethod, namely the IOS approximation, which is not expected to

e accurate at low temperatures. In addition, Stutzki & Winnewisser
 1985a ) used a potential for NH 3 –He instead of NH 3 –H 2 , which
eads to an additional error. Finally, we note that our quasi-elastic
ate coefficients are of the same order of magnitude as those for
nelastic transitions. 

From their IOS calculations, Stutzki & Winnewisser ( 1985a )
ompute relative factors, defined as the ratio of hyperfine rate
oef ficients di vided by the rotational excitation rate coef ficient, 

 FF ′ = 

k jk v F,j ′ k ′ v ′ F ′ 

k jk v ,j ′ k ′ v ′ 
. (5) 

hile the absolute IOS rate coefficients are not expected to be
ccurate at low temperature, the method should provide relative
actors that are better than the statistical ones. These relative factors
btained with the recoupling approach are presented in Table 3 and
ompared to the IOS results of Stutzki & Winnewisser ( 1985a ) for
he 1 + 

1 –2 + 

1 and 1 + 

1 –2 −1 excitation transitions. We observe that in most
ases the IOS method does predict the correct propensities, and
erforms better than the statistical approach, as expected. On the
ther hand, it is clear that IOS is not sufficient to obtain accurate rate
oefficients, since discrepancies of up to 50 per cent are seen for the
ominant rate coefficients and up to a factor 10 for the smallest rate
oefficients. Moreo v er, both the IOS and recoupling relative factors
re almost independent of the temperature in the range explored here
see Fig. 1 ), which shows that the discrepancies discussed abo v e
emain up to temperatures of at least 100 K. 
NRAS 00, 1 (2023) 
 R A D I AT I V E  TRANSFER  C A L C U L AT I O N S  

n order to investigate the impact of the hyperfine rate coefficients
n the non-LTE modelling of NH 3 spectra, we present below simple
adiative transfer calculations using two different sets of hyperfine-
esolved collisional data: (1) the precise set of recoupling rate
oefficients and (2) the approximate set of statistical rate coefficients,
s defined in equation ( 4 ). 

Radiative transfer calculations were performed with the non-LTE
ADEX programme (van der Tak et al. 2007 ) using the large velocity
radient formalism for an expanding sphere. The code was employed
o compute the radiation temperature T R of low-lying hyperfine
ransitions in both para - and ortho -NH 3 . The hyperfine energy levels
nd radiative rates were taken from the CDMS catalogue (M ̈uller
t al. 2005 ). The kinetic temperature was fixed at 10 K, which is
ypical of cold molecular clouds, while the hydrogen density was
aried in the range 10 2 –10 9 cm 

−3 . The para -NH 3 (or ortho -NH 3 )
olumn densities were selected in the range 10 12 –10 15 cm 

−2 with a
ine width (full width at half-maximum) of 1 km s −1 . No radiation
eld was considered except the cosmic microwave background at
.73 K. We have also checked with the MOLPOP code (Asensio
amos & Elitzur 2018 ) that line o v erlap effects, which are ignored
y RADEX , are mostly negligible with the above parameters, allowing
s to focus on the impact of the collisional data. 
We first consider the inversion transition 1 −1 → 1 + 

1 of para -NH 3 

t 23.68 GHz. This transition has been widely observed in the
nterstellar medium since its first detection by Cheung et al. ( 1968 ).
nomalies in the hyperfine intensities of this line were reported

n the 1970s (Matsakis et al. 1977 ) and these anomalies are now
nown to be very common in star-forming regions. In the anomalous
pectra, the intensities of the outer satellite lines are not equal: the
 = 0 → 1 component is stronger and the F = 1 → 0 component

s weaker than e xpected. Radiativ e transfer models have shown that
hese anomalies can be reproduced by non-LTE effects induced by
hoton trapping of selected hyperfine transitions in the rotational
ransition 2 + / −

1 → 1 −/ + 

1 , as explained by Stutzki & Winnewisser
 1985b ; see, in particular, their fig. 2). Systematic motions, such as
xpansion and collapse, are also expected to play a role and the
elative contribution of these effects remains a matter of debate (see
hou et al. 2020 , and references therein). In any case, because non-
TE populations depend on the competition between the radiative
nd collisional rates, the accuracy of hyperfine selective collisional
ate coefficients should be critical for a correct interpretation of the
nomalies in the 1 −1 → 1 + 

1 inversion transition. 
In Fig. 2 , we have plotted the intensity ratio of the outer hyperfine

atellite line F = 0 → 1 relative to the strongest component F = 2
 2, for the two sets of collisional rates (recoupling and statistical).

t low hydrogen density, the ratio is found to increase abo v e the
natural’ intensity ratio (0.266) as soon as the column density exceeds
10 14 cm 

−2 . The ratios then increase with increasing density and
lateaus are reached when n (H 2 ) is larger than about 10 5 cm 

−3 ,
here LTE conditions are fulfilled. For column densities above
10 14 cm 

−2 , we can notice the impact of the collisional data set:
he intensity ratios are decreased by up to 20 per cent when the
tatistical data set is employed. This demonstrates the importance of
he hyperfine propensity rules when the total opacity of the line is
arger than ∼1. A similar result was actually observed by Stutzki &

innewisser ( 1985a ) using hyperfine collision rates computed with
he IOS approximation and using helium instead of H 2 as the collider.
s concluded by these authors, a precise knowledge of the hyperfine-

esolved rate coefficients is thus required for a reliable modelling of
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Figure 2. The intensity ratio of the hyperfine satellite line F = 0 → 1 of 
the para -NH 3 j k = 1 1 inversion transition relative to the strongest component 
F = 2 → 2 as a function of the hydrogen density for a set of column densities. 
The kinetic temperature is fixed at 10 K and the line width at 1 km s −1 . 

Figure 3. The intensity ratio of the hyperfine component F = 1 → 1 of 
the ortho -NH 3 j k = 1 0 → 0 0 rotational transition relative to the strongest 
component F = 2 → 1 as a function of the hydrogen density for a set of 
column densities. The kinetic temperature is fixed at 10 K and the line width 
at 1 km s −1 . 
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A second example is the ortho -NH 3 ground-state rotational tran- 
ition 1 + 

0 → 0 −0 at 572.5 GHz. The electric quadrupole hyperfine 
tructure of this line was resolved for the first time in space thanks
o Herschel observations towards the cold pre-stellar core L1544 
Caselli et al. 2017 ). The three hyperfine components were found to
e heavily self-absorbed and a sophisticated radiative transfer model 
 as emplo yed to reproduce the observed profile and to deduce the
H 3 radial abundance in the core. In that work, hyperfine selective 

ollisional data were generated from the rotational rate coefficients 
f Bouhafs et al. ( 2017 ) by applying the statistical approach to the
lectric quadrupole and magnetic hyperfine splittings. In Fig. 3 , we 
ave plotted the intensity ratio of the hyperfine component F = 1
 1 relative to the strongest component F = 2 → 1, again for the
wo sets of collisional rates (recoupling and statistical). We note that
ur statistical set is identical to that used by Caselli et al. ( 2017 )
xcept that the magnetic splittings ( < 100 kHz) are neglected here.
t low hydrogen density, the ratio is found to lie slightly below the
atural intensity ratio (0.6) for column density abo v e ∼10 12 cm 

−2 .
hen the H 2 density exceeds ∼10 5 cm 

−3 , ho we ver, the intensity
atios rise abo v e 0.6 and the LTE plateaus are reached at H 2 densities
arger than ∼10 8 cm 

−3 , as expected from the large radiative rates
 A ∼ 1.58 × 10 −3 ). The impact of the rate coefficients is smaller
han in the case of the para -NH 3 transition (Fig. 2 ) with a maximum
ifference of ∼10 per cent in the intensity ratios. This is not really
urprising since the recoupling and statistical rate coefficients for the 
yperfine transitions 1 + 

0 F → 0 −0 F 

′ = 1 are identical and equal to the
ure rotational rate coefficients (by construction since the rotational 
 

−
0 level has a single hyperfine sub-level F = 1). Thus, only the
ate coefficients corresponding to hyperfine transitions within the 
otational level 1 + 

0 , the so-called quasi-elastic rate coefficients, are 
ifferent in the two data sets: they are set to zero in the statistical set,
hile they are comparable to the pure rotational rate coefficient in the

ecoupling set. We can conclude that the quasi-elastic rate coefficients 
ave a significant although moderate impact in the radiative transfer 
alculation. 

Finally, we wish to stress that the abo v e results are only illustrative:
ore sophisticated radiative transfer calculations are clearly needed 

o explore a much larger parameter space and to include line o v erlap
s well as systematic motion effects. Preliminary calculations with 
OLPOP show, for instance, that for kinetic temperatures larger than 
0 K and column densities abo v e 10 15 cm 

−3 , line o v erlap effects
an increase the intensity ratio F = 0 → 1/ F = 2 → 2 in the 1 −1 –1 + 

1 

nversion transition by more than 50 per cent. The combination of the
resent recoupling rate coefficients with one-dimensional radiative 
ransfer codes able to handle hyperfine o v erlaps, such as ALICO

Magalh ̃ aes et al. 2018 ), will be particularly valuable to revisit the
H 3 hyperfine anomalies and to more firmly establish the role of
on-LTE effects. 

 C O N C L U S I O N  

e have presented a full set of rate coefficients for the hyperfine
xcitation of ortho - and para -NH 3 in collisions with para -H 2 for all
evels of NH 3 up to j = 4 and for temperatures up to 100 K. The
alculations were performed by means of the accurate recoupling 
echnique, which relies on quantum-mechanical CC scattering cal- 
ulations. In general, the rate coefficients are weakly dependent on 
he temperature, but depend strongly on all quantum numbers of NH 3 .

e found no clear propensity rules, and a comparison with statistical
ate coefficients (which are independent of the initial hyperfine level) 
ho wed important de viations from this approximation. In addition, 
e also found large differences with previously published results on 
H 3 –He collisions. 
Using a simple non-LTE model, we illustrated the difference 

etween the accurate recoupling rate coefficients and the approximate 
tatistical rate coefficients on the inversion transition in ground- 
tate para -NH 3 (1 

−
1 F → 1 + 

1 F 

′ ) at 23.68 GHz and on the rotational
ransition 1 + 

0 F → 0 −0 F 

′ in ortho -NH 3 . These simple calculations
emonstrate that the two sets of rate coefficients lead to significant
ifferences. Moreo v er, non-LTE effects are predicted for column 
ensity in excess of ∼10 12 cm 

−2 . An important extension of this
ork will be to perform radiative transfer calculations using a model

hat can treat line o v erlaps that play a key role in NH 3 hyperfine
nomalies. This would allow the investigation of non-LTE effects at 
MNRAS 00, 1 (2023) 
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igher temperatures, thus involving higher lying rotational states of
mmonia. 

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

Finally, it should also be noted that the recoupling calculations
resented in this work are accurate but computationally e xpensiv e.
t the other end, statistical rate coefficients can be immediately
btained provided the rate coefficients for pure rotational excitation
re available. An intermediate approach is the IOS method, which
as been used with some success for the hyperfine excitation of
inear molecules by H 2 (Goicoechea, Lique & Santa-Maria 2022 ).
xtending the IOS method and recoupling theory to asymmetric
olyatomic molecules would be beneficial in order to generate sets
f hyperfine-resolved rate coefficients for other molecules such as
euterated ammonia (NH 2 D, NHD 2 ) or H 2 CO. 

C K N OW L E D G E M E N T S  

rian Svoboda is acknowledged for useful discussions. JL ac-
nowledges support from KU Leuven through grant no. 19-00313.
oreo v er, we acknowledge financial support from the European Re-

earch Council (Consolidator Grant COLLEXISM, grant agreement
o. 811363). FL acknowledges financial support from the Institut
niversitaire de France and the Programme National ‘Physique

t Chimie du Milieu Interstellaire’ (PCMI) of CNRS/INSU with
NC/INP cofunded by CEA and CNES. 

ATA  AVA ILA BILITY  

he data underlying this article are available as supplementary
aterial to the article and the full set of rate coefficients will be
ade available through the EMAA data base (https://emaa.osug.fr

nd https:// dx.doi.org/10.17178/ EMAA ). 

E FEREN C ES  

lexander M. H. , Dagdigian P. J., 1985, J. Chem. Phys. , 83, 2191 
lexander M. , Dagdigian P., Werner H.-J., Kłos J., Desrousseaux B., Raffy

G., Lique F., 2023, Comput. Phys. Commun., 289, 108761 
sensio Ramos A. , Elitzur M., 2018, A&A , 616, A131 
arrett A. H. , Ho P. T. P., Myers P. C., 1977, ApJ , 211, L39 
ouhafs N. , Rist C., Daniel F., Dumouchel F., Lique F., Wiesenfeld L., Faure

A., 2017, MNRAS , 470, 2204 
amarata M. A. , Jackson J. M., Chambers E., 2015, ApJ , 806, 74 
aselli P. et al., 2017, A&A , 603, L1 
NRAS 00, 1 (2023) 
hen J. , hui Zhang Y., Zeng Q., Pei C.-C., 1998, J. Phys. B: Atom. Mol. Opt.
Phys. , 31, 1259 

heung A. C. , Rank D. M., Townes C. H., Thornton D. D., Welch W. J., 1968,
Phys. Rev. Lett. , 21, 1701 

anby G. , Flower D. R., Valiron P., Kochanski E., Kurdi L., Diercksen G. H.
F., 1987, J. Phys. B: Atom. Mol. Phys. , 20, 1039 

emes S. , Lique F., Loreau J., Faure A., 2023, MNRAS , 524, 2368 
aure A. , Lique F., 2012, MNRAS , 425, 740 
ao Z. , Loreau J., van der Avoird A., van de Meerakker S. Y. T., 2019, Phys.

Chem. Chem. Phys., 21, 14033 
aume R. A. , Wilson T. L., Johnston K. J., 1996, ApJ , 457, L47 
oicoechea J. R. , Lique F., Santa-Maria M. G., 2022, A&A , 658, A28 
o P. T. P. , Townes C. H., 1983, ARA&A , 21, 239 
a Q. , van der Avoird A., Loreau J., Alexander M., van de Meerakker S. Y.

T., Dagdigian P. J., 2015, J. Chem. Phys. , 143, 044312 
agalh ̃ aes V. S. , Hily-Blant P., Faure A., Hernandez-Vera M., Lique F., 2018,

A&A , 615, A52 
aret S. , Faure A., Scifoni E., Wiesenfeld L., 2009, MNRAS , 399, 425 
atsakis D. N. , Brandshaft D., Chui M. F., Cheung A. C., Yngvesson K. S.,

Cardiasmenos A. G., Shanley J. F., Ho P. T. P., 1977, ApJ , 214, L67 
atsakis D. N. , Bologna J. M., Schwartz P. R., Cheung A. C., Townes C. H.,

1980, ApJ , 241, 655 
 ̈uller H. S. P. , Schl ̈oder F., Stutzki J., Winnewisser G., 2005, J. Mol. Struct.,

742, 215 
ffer A. , Flower D. R., 1990, J. Chem. Soc. Faraday Trans., 86, 1659 
f fer A. R. , v an Hemert M. C., v an Dishoeck E. F., 1994, J. Chem. Phys. ,

100, 362 
athborne J. M. , Lada C. J., Muench A. A., Alves J. F., Lombardi M., 2008,

ApJS , 174, 396 
ist C. , Alexander M. H., Valiron P., 1993, J. Chem. Phys. , 98, 4662 
osolowsky E. W. , Pineda J. E., Foster J. B., Borkin M. A., Kauffmann J.,

Caselli P., Myers P. C., Goodman A. A., 2008, ApJS , 175, 509 
ydbeck O. E. H. , Sume A., Hjalmarson A., Ellder J., Ronnang B. O.,

Kollberg E., 1977, ApJ , 215, L35 
chleipen J. , ter Meulen J., 1991, Chem. Phys., 156, 479 
tutzki J. , Winnewisser G., 1985a, A&A, 144, 1 
tutzki J. , Winnewisser G., 1985b, A&A, 144, 13 
kac O. , Saha A. K., Loreau J., Ma Q., Dagdigian P. J., Parker D. H., van der

Avoird A., Orr-Ewing A. J., 2015, Mol. Phys. , 113, 3925 
an der Tak F. F. S. , Black J. H., Sch ̈oier F. L., Jansen D. J., van Dishoeck E.

F., 2007, A&A , 468, 627 
hou D.-d. , Wu G., Esimbek J., Henkel C., Zhou J.-j., Li D.-l., Ji W.-g., Zheng

X.-w., 2020, A&A , 640, A114 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 
lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors.
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
© 2023 The Author(s) 
Published by Oxford University Press on behalf of Royal Astronomical Society 

https://dx.doi.org/10.17178/EMAA
http://dx.doi.org/10.1063/1.449311
http://dx.doi.org/10.1051/0004-6361/201731943
http://dx.doi.org/10.1086/182338
http://dx.doi.org/10.1093/mnras/stx1331
http://dx.doi.org/10.1088/0004-637X/806/1/74
http://dx.doi.org/10.1051/0004-6361/201731121
http://dx.doi.org/10.1088/0953-4075/31/6/012
http://dx.doi.org/10.1103/PhysRevLett.21.1701
http://dx.doi.org/10.1088/0022-3700/20/5/021
http://dx.doi.org/10.1093/mnras/stad1970
http://dx.doi.org/10.1111/j.1365-2966.2012.21601.x
http://dx.doi.org/10.1086/309880
http://dx.doi.org/10.1051/0004-6361/202142210
http://dx.doi.org/10.1146/annurev.aa.21.090183.001323
http://dx.doi.org/10.1063/1.4927074
http://dx.doi.org/10.1051/0004-6361/201832622
http://dx.doi.org/10.1111/j.1365-2966.2009.15294.x
http://dx.doi.org/10.1086/182445
http://dx.doi.org/10.1086/158378
http://dx.doi.org/10.1063/1.466950
http://dx.doi.org/10.1086/522889
http://dx.doi.org/10.1063/1.464970
http://dx.doi.org/10.1086/524299
http://dx.doi.org/10.1086/182471
http://dx.doi.org/10.1080/00268976.2015.1059958
http://dx.doi.org/10.1051/0004-6361:20066820
http://dx.doi.org/10.1051/0004-6361/201936661
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stad2979#supplementary-data


List of astronomical key words (Updated on 2020 January)

This list is common to Monthly Notices of the Royal Astronomical Society, Astronomy and Astrophysics, and The Astrophysical 
Journal. In order to ease the search, the key words are subdivided into broad categories. No more than six subcategories 
altogether should be listed for a paper.

The subcategories in boldface containing the word ‘individual’ are intended for use with specific astronomical objects; these 
should never be used alone, but always in combination with the most common names for the astronomical objects in question. 
Note that each object counts as one subcategory within the allowed limit of six.

The parts of the key words in italics are for reference only and should be omitted when the keywords are entered on the 
manuscript.

General
editorials, notices
errata, addenda
extraterrestrial intelligence
history and philosophy of astronomy
miscellaneous
obituaries, biographies
publications, bibliography
sociology of astronomy
standards

Physical data and processes
acceleration of particles
accretion, accretion discs
asteroseismology
astrobiology
astrochemistry
astroparticle physics
atomic data
atomic processes
black hole physics
chaos
conduction
convection
dense matter
diffusion
dynamo
elementary particles
equation of state
gravitation
gravitational lensing: micro
gravitational lensing: strong
gravitational lensing: weak
gravitational waves
hydrodynamics
instabilities
line: formation
line: identification
line: profiles
magnetic fields
magnetic reconnection
(magnetohydrodynamics) MHD
masers
molecular data
molecular processes
neutrinos
nuclear reactions, nucleosynthesis, abundances
opacity
plasmas
polarization

radiation: dynamics
radiation mechanisms:general
radiation mechanisms: non-thermal
radiation mechanisms: thermal
radiative transfer
relativistic processes
scattering
shock waves
solid state: refractory
solid state: volatile
turbulence
waves

Astronomical instrumentation, methods and techniques
atmospheric effects
balloons
instrumentation: adaptive optics
instrumentation: detectors
instrumentation: high angular resolution
instrumentation: interferometers
instrumentation: miscellaneous
instrumentation: photometers
instrumentation: polarimeters
instrumentation: spectrographs
light pollution
methods: analytical
methods: data analysis
methods: laboratory: atomic
methods: laboratory: molecular
methods: laboratory: solid state
methods: miscellaneous
methods: numerical
methods: observational
methods: statistical
site testing
space vehicles
space vehicles: instruments
techniques: high angular resolution
techniques: image processing
techniques: imaging spectroscopy
techniques: interferometric
techniques: miscellaneous
techniques: photometric
techniques: polarimetric
techniques: radar astronomy
techniques: radial velocities
techniques: spectroscopic
telescopes



Astronomical data bases

Software

astronomical data bases: miscellaneous
atlases
catalogues
surveys
virtual observatory tools

software: simulations
software: public release
software: documentation
software: development
software: data analysis

Astrometry and celestial mechanics
astrometry
celestial mechanics
eclipses
ephemerides
occultations
parallaxes
proper motions
reference systems
time

The Sun
Sun: abundances
Sun: activity
Sun: atmosphere
Sun: chromosphere
Sun: corona
Sun: coronal mass ejections (CMEs)
Sun: evolution
Sun: faculae, plages
Sun: filaments, prominences
Sun: flares
Sun: fundamental parameters
Sun: general
Sun: granulation
Sun: helioseismology
Sun: heliosphere
Sun: infrared
Sun: interior
Sun: magnetic fields
Sun: oscillations
Sun: particle emission
Sun: photosphere
Sun: radio radiation
Sun: rotation
(Sun:) solar–terrestrial relations
(Sun:) solar wind
(Sun:) sunspots
Sun: transition region
Sun: UV radiation
Sun: X-rays, gamma-rays

Planetary systems
comets: general

comets: individual: . . .
Earth
interplanetary medium
Kuiper belt: general

Kuiper belt objects: individual: . . .
meteorites, meteors, meteoroids

minor planets, asteroids: general
minor planets, asteroids: individual: . . .
Moon
Oort Cloud
planets and satellites: atmospheres
planets and satellites: aurorae
planets and satellites: composition
planets and satellites: detection
planets and satellites: dynamical evolution and stability
planets and satellites: formation
planets and satellites: fundamental parameters
planets and satellites: gaseous planets
planets and satellites: general

planets and satellites: individual: . . .
planets and satellites: interiors
planets and satellites: magnetic fields
planets and satellites: oceans
planets and satellites: physical evolution
planets and satellites: rings
planets and satellites: surfaces
planets and satellites: tectonics
planets and satellites: terrestrial planets
planet–disc interactions
planet–star interactions
protoplanetary discs
zodiacal dust

Stars
stars: abundances
stars: activity
stars: AGB and post-AGB
stars: atmospheres
(stars:) binaries (including multiple): close
(stars:) binaries: eclipsing
(stars:) binaries: general
(stars:) binaries: spectroscopic
(stars:) binaries: symbiotic
(stars:) binaries: visual
stars: black holes
(stars:) blue stragglers
(stars:) brown dwarfs
stars: carbon
stars: chemically peculiar
stars: chromospheres
(stars:) circumstellar matter
stars: coronae
stars: distances
stars: dwarf novae
stars: early-type
stars: emission-line, Be
stars: evolution
stars: flare
stars: formation
stars: fundamental parameters
(stars:) gamma-ray burst: general
(stars:) gamma-ray burst: individual: . . .
stars: general
(stars:) Hertzsprung–Russell and colour–magnitude 
diagrams
stars: horizontal branch
stars: imaging
stars: individual: . . .
stars: interiors



stars: jets
stars: kinematics and dynamics
stars: late-type
stars: low-mass
stars: luminosity function, mass function
stars: magnetars
stars: magnetic fields
stars: massive
stars: mass-loss
stars: neutron
(stars:) novae, cataclysmic variables
stars: oscillations (including pulsations)
stars: peculiar (except chemically peculiar)
(stars:) planetary systems
stars: Population II
stars: Population III
stars: pre-main-sequence
stars: protostars
(stars:) pulsars: general
(stars:) pulsars: individual: . . .
stars: rotation
stars: solar-type
(stars:) starspots
stars: statistics
(stars:) subdwarfs
(stars:) supergiants
(stars:) supernovae: general
(stars:) supernovae: individual: . . .
stars: variables: Cepheids
stars: variables: Scuti
stars: variables: general
stars: variables: RR Lyrae
stars: variables: S Doradus
stars: variables: T Tauri, Herbig Ae/Be
(stars:) white dwarfs
stars: winds, outflows
stars: Wolf–Rayet

Interstellar medium (ISM), nebulae
ISM: abundances
ISM: atoms
ISM: bubbles
ISM: clouds
(ISM:) cosmic rays
(ISM:) dust, extinction
ISM: evolution
ISM: general
(ISM:) HII regions
(ISM:) Herbig–Haro objects

ISM: individual objects: . . .
(except planetary nebulae)
ISM: jets and outflows
ISM: kinematics and dynamics
ISM: lines and bands
ISM: magnetic fields
ISM: molecules
(ISM:) photodissociation region (PDR)
(ISM:) planetary nebulae: general
(ISM:) planetary nebulae: individual: . . .
ISM: structure
ISM: supernova remnants

The Galaxy
Galaxy: abundances
Galaxy: bulge
Galaxy: centre
Galaxy: disc
Galaxy: evolution
Galaxy: formation
Galaxy: fundamental parameters
Galaxy: general
(Galaxy:) globular clusters: general
(Galaxy:) globular clusters: individual: . . .
Galaxy: halo
Galaxy: kinematics and dynamics
(Galaxy:) local interstellar matter
Galaxy: nucleus
(Galaxy:) open clusters and associations: general
(Galaxy:) open clusters and associations: individual: . . .
(Galaxy:) solar neighbourhood
Galaxy: stellar content
Galaxy: structure

Galaxies
galaxies: abundances

galaxies: bar
galaxies: active

(galaxies:) BL Lacertae objects: general
(galaxies:) BL Lacertae objects: individual: . . .
galaxies: bulges
galaxies: clusters: general

galaxies: disc

galaxies: clusters: individual: . . .
galaxies: clusters: intracluster medium

galaxies: distances and redshifts
galaxies: dwarf
galaxies: elliptical and lenticular, cD
galaxies: evolution
galaxies: formation
galaxies: fundamental parameters
galaxies: general
galaxies: groups: general

galaxies: groups: individual: . . .
galaxies: haloes
galaxies: high-redshift

galaxies: individual: . . .
galaxies: interactions
(galaxies:) intergalactic medium
galaxies: irregular
galaxies: ISM
galaxies: jets
galaxies: kinematics and dynamics
(galaxies:) Local Group
galaxies: luminosity function, mass function
(galaxies:) Magellanic Clouds
galaxies: magnetic fields
galaxies: nuclei
galaxies: peculiar
galaxies: photometry
(galaxies:) quasars: absorption lines
(galaxies:) quasars: emission lines
(galaxies:) quasars: general



(galaxies:) quasars: individual: . . .
(galaxies:) quasars: supermassive black holes
galaxies: Seyfert
galaxies: spiral
galaxies: starburst
galaxies: star clusters: general

galaxies: star clusters: individual: . . .
galaxies: star formation
galaxies: statistics
galaxies: stellar content
galaxies: structure

Cosmology
(cosmology:) cosmic background radiation
(cosmology:) cosmological parameters
(cosmology:) dark ages, reionization, first stars

(cosmology:) dark energy
(cosmology:) dark matter
(cosmology:) diffuse radiation
(cosmology:) distance scale
(cosmology:) early Universe
(cosmology:) inflation
(cosmology:) large-scale structure of Universe
cosmology: miscellaneous
cosmology: observations
(cosmology:) primordial nucleosynthesis
cosmology: theory

Resolved and unresolved sources as a function of 

Transients

wavelength
gamma-rays: diffuse background
gamma-rays: galaxies
gamma-rays: galaxies: clusters
gamma-rays: general
gamma-rays: ISM
gamma-rays: stars
infrared: diffuse background
infrared: galaxies
infrared: general
infrared: ISM
infrared: planetary systems
infrared: stars
radio continuum: galaxies
radio continuum: general
radio continuum: ISM
radio continuum: planetary systems
radio continuum: stars
radio continuum: transients
radio lines: galaxies
radio lines: general
radio lines: ISM
radio lines: planetary systems
radio lines: stars
submillimetre: diffuse background
submillimetre: galaxies
submillimetre: general
submillimetre: ISM
submillimetre: planetary systems
submillimetre: stars
ultraviolet: galaxies

ultraviolet: general

transients: tidal disruption events
transients: supernovae
transients: novae
(transients:) neutron star mergers
(transients:) gamma-ray bursts
(transients:) fast radio bursts
(transients:) black hole - neutron star mergers
(transients:) black hole mergers

ultraviolet: ISM
ultraviolet: planetary systems
ultraviolet: stars
X-rays: binaries
X-rays: bursts
X-rays: diffuse background
X-rays: galaxies
X-rays: galaxies: clusters
X-rays: general
X-rays: individual: . . .
X-rays: ISM
X-rays: stars
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