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ABSTRACT

We present new CoYuTe rovibrational line lists for the asymmetric deuterated isotopologues of ammonia, *NH,D and
14ND,H. Variational calculations were performed using the TROVE (Theoretical ROVibrational Energies) nuclear motion
program, employing newly implemented non-rigid reference frames. The semi-empirical CoYuTe potential energy surface
and a high-level ab initio dipole moment surface of NH; (CCSD(T)/aug-cc-pVQZ) were adopted. The line lists span
0-10000 cm™! and are applicable at temperatures up to 1000-1500 K. Accuracy was improved through substitution
of empirically derived *NH,D and *ND,H MARVEL (Measured Active Rotational-Vibrational Energy Levels) energy
levels, yielding line positions consistent with available experimental data. The new line lists accurately reproduce existing
infrared spectra and, for the first time, provide complete coverage of NH,D and ND,H transitions suitable for both cold
astrophysical environments and high-temperature exoplanetary and brown dwarf atmospheres. At terrestrial isotopic
abundances, NH,D contributes significantly to atmospheric absorption, highlighting its importance for remote sensing
and making it a strong candidate for inclusion in HITRAN (high-resolution transmission molecular absorption database).

The line lists and partition functions are available from the ExoMol database at www.exomol.com.
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1 INTRODUCTION

Partially deuterated isotopologues of ammonia, NH,D and
ND,H, together with the fully deuterated analogue ND;, are key
molecules in a wide range of astrophysical and planetary en-
vironments. They have been detected in star-forming regions,
molecular clouds, and hot cores (B. Zuckerman, J. A. Ball & C.
A. Gottlieb 1971; E. N. Rodriguez Kuiper, B. Zuckerman & T. B.
H. Kuiper 1978; M. Olberg et al. 1985; C. M. Walmsley et al. 1987;
S. Tiné et al. 2000; R. Y. Shah & A. Wootten 2001). Because of their
enhanced stability at low temperatures, these species serve as
important tracers of nitrogen chemistry and deuterium fractiona-
tion in cold interstellar clouds and pre-stellar cores (e.g. E. Roueff
et al. 2005). Deuterium fractionation is particularly valuable as
a diagnostic of physical conditions: the D/H ratios measured in
molecules provide constraints on ion-molecule chemistry in the
interstellar medium and may retain information about the ther-
mal and chemical history of material incorporated into planetary
systems.

Ammonia isotopologues are also of interest in planetary atmo-
spheres. NH; plays a major role in the composition and dynamics
of the giant planets, where isotopologue abundances can be used
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to probe nitrogen isotopic ratios, vertical mixing, and disequilib-
rium chemistry (L. N. Fletcher et al. 2014). Similar considerations
are expected to apply to exoplanets, where the detection of NH,D
or ND,H would provide new constraints on bulk atmospheric
composition and isotopic enrichment.

Accurate and comprehensive spectroscopic data for NH,D and
ND,H are essential for both observational and modelling studies.
Infrared spectra of NH,D and ND,H have been reported by (L.
Coudert, A. Valentin & L. Henry 1986; V. Job et al. 1986, 1987; S.
Kartha et al. 1988; M. Snels, H. Hollenstein & M. Quack 2003,
2006a; M. Halonen & L. Halonen 2006) while the visible 5v;
band of these species was reported by H. Akagi et al. (2005).
Experimental data on NH,D and ND,H are restricted to limited
frequency ranges and near-room-temperature conditions, lacking
the coverage needed for high-temperature environments such as
brown dwarf and exoplanetary atmospheres. No comprehensive
line lists currently exist for these asymmetric deuterated isotopo-
logues.

In this work, we present new variational line lists for *NH,D
and “ND,H, computed using the Theoretical ROVibrational
Energies (TROVE) nuclear motion program. The calculations
employ the semi-empirical CoYuTe potential energy surface
(PES), originally developed for hot “NH; (P. A. Coles, S. N.
Yurchenko & J. Tennyson 2019), together with a high-level ab
initio CCSD(T)/aug-cc-pVQZ dipole moment surface (DMS). The
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Table 1 Spectroscopic state notations used for NH,D and ND,H, and their mapping to the corresponding local mode labelling n;, ny, ns, n4, ns, and
ne, used for the variational calculations. Associated fundamental band centres in cm™! are taken from M. Snels et al. (2006b). I' is the symmetry of the
vibrational mode in Cy,(M).

NH,;D ND,H
State r Calc. Obs. Calc. Obs. n n, n3 ng ns ne
gs.’ A 0 0.00 0 0.00 0 0 0 0 0 0
g.s.? B; 0.40593 0.41043 0.17074 0.17474 0 0 0 0 0 1
v{ A 2506.509 2506.63 3404.238 3404.43 1 0 0 0 0 0
vf B 2505.895 2506.09 3404.316 3404.57 1 0 0 0 0 1
v% A 876.375 87591 810.227 810.23 0 0 0 0 0 2
vg B 896.561 896.24 819.565 819.56 0 0 0 0 0 3
vga Aq 3365.244 3364.87 2430.799 2430.98 0 0 1 0 0 0
uga B, 3367.589 3367.20 2434.622 2434.81 0 0 1 0 0 1
vgb B, 3438.863 3438.99 2559.807 2560.44 0 1 0 0 0 0
vgb Ay 3439.032 3439.17 2559.963 2560.60 0 1 0 0 0 1
vfm A 1605.640 1605.57 1233.374 1233.39 0 0 0 1 0 0
vjfa B 1591.002 1591.06 1235.890 1235.95 0 0 0 1 0 1
Ujb B, 1389.906 1389.89 1461.794 1461.98 0 0 0 0 1 0
vgb Ay 1390.495 1390.49 1461.992 1462.20 0 0 0 0 1 1

accuracy of the variationally computed term values has been en-
hanced by incorporating empirical energies, derived through the
Measured Active Rotational-Vibrational Energy Levels (MAR-
VEL) procedure (T. Furtenbacher, A. G. Csaszar & J. Tennyson
2007) using observed high-resolution spectra (M. T. Weiss & M.
W. P. Strandberg 1951; M. Lichtenstein, J. Gallagher & V. Derr
1964; M. J. Kelly, R. E. Francke & M. S. Feld 1970; F. C. De Lucia
& P. Helminger 1975; E. Cohen & H. Pickett 1982; M. Bester et al.
1983; L. Coudertetal. 1986; V. Job et al. 1986, 1987; L. Fusina et al.
1988; S. Kartha et al. 1988; M. Snels et al. 2003; C. Endres et al.
2006; M. Halonen & L. Halonen 2006; M. Snels, H. Hollenstein &
M. Quack 2006a, b; M. Melosso et al. 2020; E. Cane et al. 2022; F.
Tamassia et al. 2025) for the pure rotational, inversional, and the
fundamental vibrational bands (v1, vz, V3q, V3p Vaa, Vap)-

We provide complete and systematically validated line lists for
the asymmetric deuterated isotopologues of ammonia. They are
designed for broad applicability, from modelling the cold envi-
ronments of interstellar clouds to interpreting high-temperature
spectra of exoplanets and brown dwarfs. We further show that
“NH,D contributes significantly to absorption in Earth’s atmo-
sphere. The *NH,D and “ND,H line lists are provided as part
of the ExoMol project (J. Tennyson & S. N. Yurchenko 2012; J.
Tennyson et al. 2024b), which already contains line lists for *NH3
(P. A. Coles et al. 2019) and *NH; (S. N. Yurchenko et al. 2024).

2 QUANTUM NUMBERS AND SELECTION
RULES

A clear and consistent labelling scheme is essential for describing
the rovibrational states of *NH,D and “*ND,H. Both molecules
are quasi-planar, with a relatively low inversion barrier compared
to their parent species '*NH3, and their rovibrational states can be
classified using the irreducible representations of the molecular
symmetry group C,,(M) (P. R. Bunker & P. Jensen 1998): A,
A,, By, and B,. In spectroscopic practice, the vibrational states
of ¥NH,D and “ND,H are usually mapped onto the four fun-
damental modes of *NH;: the symmetric stretch (v;), the sym-
metric inversion (v,), and the asymmetric stretch and bend (vs,
v,). For the asymmetric deuterated isotopologues, however, the
degeneracy of the v; and v, modes is lifted, giving rise to indepen-
dent degrees of freedom, labelled vs,, v3p and v4q, v4p. In addition,
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the inversion wavefunction is classified with labels s (symmetric)
and a (antisymmetric), which define its parity with respect to the
inversion barrier. The rotational motion of ¥NH,D and “ND,H
is described by the asymmetric top quantum numbers J, K, K,
where a denotes the axis with the smallest moment of inertia. The
spectroscopic classification of the fundamental vibrational states
of ¥NH,D and “ND,H is summarized in Table 1 showing their
vibrational band labels as well as associated irreducible represen-
tations and corresponding local mode quantum numbers used
during the variational calculation.

The state-dependent nuclear degeneracy factors, g,s, required
for intensity and partition function calculations are as follows:
24 (A, and A,, ortho) and 12 (B; and B,, para) for ND,H and 9
(A; and A,, para) and 27 (B; and B,, ortho) NH,D, where Exo-
MolHD, like high-resolution transmission molecular absorption
database (HITRAN), uses the ‘physicists’ convention which in-
cludes the entire nuclear spin degeneracy in g,s (Y. V. Pavlenko,
S. N. Yurchenko & J. Tennyson 2020).

The electric-dipole (single-photon) selection rules for NH,D
and ND,H, derived from C,,(M) symmetry are

AJ =0, %1,
Al (—)Az,

J+J £0,
Bl <~ Bz.

3 MARVEL DATA FOR NH,D AND ND;H

The coverage of the experimental transition sources on NH,D
and ND,H used in the MARVEL analysis is listed in Tables 2 and
3; these sources are discussed below.

51WeSt (M. T. Weiss & M. W. P. Strandberg 1951) provided
microwave spectra in the 4000-80 000 MHz frequency range for
the vibrational ground state of both NH,D and ND,H.

64LiGaDe (M. Lichtenstein et al. 1964) measured the mi-
crowave absorption of the vibrational ground state in the 80 000
210000 MHz range for both NH,D and ND,H.

70KeFrFe (M. J. Kelly et al. 1970) measured the inversion split-
ting of three lines in the vibrational ground state of NH,D.

75LuHe (F. C. De Lucia & P. Helminger 1975) measured
82 inversion-rotation transitions in the range 80-600 GHz us-
ing high-resolution microwave techniques for the isotopologues
NH,D and ND,H.
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Table 2 Sources of the MARVEL transitions for NH,D, their spectral range, number of validated (self-consistent) transitions V out of the total T, and

average uncertainty AU.

Segment Source Range (cm™!) vIT AU (cm™1)
75LuHe F. C. De Lucia & P. Helminger (1975) 4.92-17.09 32/32 3.3 x 1077
82CoPi E. Cohen & H. Pickett (1982) 0.25-28.5 108/108 9.2 x 1077
83BeUrYaWi M. Bester et al. (1983) 2.87-3.67 9/9 6.3 x 1077
51WeSt M. T. Weiss & M. W. P. Strandberg (1951) 0.25-2.47 20/20 2.0 x 1076
64LiGaDe M. Lichtenstein et al. (1964) 2.55-6.11 12/12 3.3x107°
20MeDoGaPu M. Melosso et al. (2020) 11.1-11.1 1/1 1.4 x 1073
06HaHa M. Halonen & L. Halonen (2006) 1496.28-1739.69 310/317 1.0 x 10~
06SnHoQu M. Snels et al. (2006b) 2392.11-3543.66 889/890 1.0 x 1074
22CaDiFuTa E. Cane et al. (2022) 0.28-399.53 2180/2180 1.2 x 107
86CoVaHe L. Coudert et al. (1986) 734-1079.87 1018/1022 2.0x 107
88FuDiJoHa L. Fusina et al. (1988) 28.76-219.19 259/259 25%x 1074
06SnHoQua M. Snels et al. (2006a) 1240.79-1699.5 673/673 1.0 x 1073
70KeFrFe M. J. Kelly et al. (1970) 944.13-970.64 3/3 23 %1073
86JoKaKa V. Job et al. (1986) 745.37-1029.45 616/616 3.0 x 1073
21MeBiDoKi M. Melosso et al. (2021) 2.87-52.13 41/41 2.6 x 1072

Table 3 Sources of the MARVEL transitions for ND, H, their spectral range, number of validated transitions V out of the total T, and average uncertainty

AU.

Segment Source Range (cm™!) vIT AU (cm™1)
75LuHe F. C. De Lucia & P. Helminger (1975) 0.16-17.18 66/70 3.3x 1077
06EnMuBrPa C. Endres et al. (2006) 0.68-203.31 299/299 6.0 x 107°
51WeSt M. T. Weiss & M. W. P. Strandberg (1951) 0.26-2.26 14/14 2.4 x 107
64LiGaDe M. Lichtenstein et al. (1964) 2.32-7.04 14/14 3.3x107°
06SnHoQu M. Snels et al. (2006b) 1150.3-1545.85 843/843 1.8 x 10~
88KaSiJoKa S. Kartha et al. (1988) 866.13-995.89 115/120 1.2x107*
25TaLoFuCa F. Tamassia et al. (2025) 65.39-1447.76 6848/6850 4.0 x107*
86CoVaHe L. Coudert et al. (1986) 733.63-988.53 886/894 3.2x107*
88FuDiJoHa L. Fusina et al. (1988) 0.16-219.36 760/761 3.6 x 107
03SnHoQu M. Snels et al. (2003) 2320.38-3491.16 1655/1655 1.1 x 1073
22CaDiFuTa E. Caneé et al. (2022) 0.17-378.23 3201/3201 1.4 x 1073
21MeBiDoKi M. Melosso et al. (2021) 9.91-217.87 748/766 4.9 x 1072

82CoPi (E. Cohen & H. Pickett 1982) measured 86 inversion—
rotation lines in the 7.5-850 GHz region belonging to the vibra-
tional ground state of NH,D.

83BeYaWiU (M. Bester et al. 1983) measured both inversion
components of the 1,;-1¢; transition in the vibrational ground
state of NH,D.

86CoVaHe (L. Coudert et al. 1986) provide measurements of
both inversion components for the inversion fundamental v, of
NH,D and ND,H using Fourier transform infrared (FTIR) spec-
trometry.

86JoKaKa (V. Job et al. 1986) used diode laser spectroscopy
to measure the symmetric and antisymmetric inversion compo-
nents of the v, inversion fundamental of NH,D.

87JoKaSi (V. Job et al. 1987) provide a combined analysis of
microwave, FTIR, and diode laser data for the symmetric v§ and
antisymmetric v§ inversion fundamental of NH,D.

88FuDiJoHa (L. Fusina et al. 1988) measured far-infrared spec-
tra of the vibrational ground states of NH,D and ND,H in the
17-220 cm™! region.

88KaSiJoKa (S. Kartha et al. 1988) provide the symmetric and
antisymmetric inversion components of the v, inversion funda-
mental of ND,H, measured with diode laser spectroscopy.

03SnHoQu (M. Snels et al. 2003) provide high-resolution FTIR
spectra (at 0.004 cm™! resolution) of the stretching fundamentals
Vi, Vi, 134, V3, V3, and vg, of the isotopologue ND,H.

05AkYoYo (H. Akagi et al. 2005) reported line positions from
the 5v; vibrational band of NH,D and ND,H. These lie beyond
the 10 000 cm™! cut-off for the line list and were therefore not
included in our analysis.

06EnMuBrPa (C. Endres et al. 2006) measured inversion—
rotation transitions in the vibrational ground state of ND,H in
the frequency range between 0.08 and 2.58 THz.

06HaHa (M. Halonen & L. Halonen 2006) measured the sym-
metric and antisymmetric inversion components of the symmet-
ric bending mode v, in NH,D, using FTIR spectroscopy.

06SnHoQu (M. Snels et al. 2006b) provide FTIR measure-
ments (at 0.004 cm™! resolution) of the v§, v¥, V3gs Vg, V3p, and
vs, stretching excitations of NH,D.

06SnHoQua (M. Snels et al. 2006a) measured FTIR spec-
tra (at 0.004 and 0.01 cm~! resolution) of the bending funda-
mentals vj,, vg,, v;,, and vy, for both isotopologues NH,D and
ND,H.

20MeDoGaPu (M. Melosso et al. 2020) studied three mi-
crowave transitions in the vibrational ground state of NH,D
at 86, 110, and 333 GHz, using the Lamb-dip technique.
Each transition is hyperfine resolved, so the transition fre-
quency of the three parent transitions is obtained as an
intensity-weighted average over the hyperfine components, with
the uncertainty determined as the intensity-weighted standard
deviation.

MNRAS 00, 1 (2026)
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Figure 1. Empirically derived MARVEL energy levels for the isotopologues (a) NH,D and (b) ND,H as functions of the rotational quantum number J.

21MeBiDoKi (M. Melosso et al. 2021) measured the hyperfine
splitting of lines in the vibrational ground state of NH,D and
ND,H.

22CaDiFuTa (E. Cané et al. 2022) measured inversion-rotation
spectra of the vibrational ground state in the 60-600 cm™! region
using a Bruker IFS 125 FTIR spectrometer at a resolution of
0.00096 cm™! for both isotopologues NH,D and ND,H.

25TaLoFuCa (F. Tamassia et al. 2025) recorded transitions from
the ground state to the v, and v4, bands, as well as hot rotation-
inversion lines within these vibrational states.

The MARVEL (T. Furtenbacher et al. 2007) procedure was ap-
plied to the transitions obtained from the literature. Uncertainties
were propagated using the bootstrapping algorithm, as available
in the MARVEL 4.1 version online (J. Tennyson et al. 2024a).
For NH,D, we invert a network of 6139 experimental transitions
to derive 1788 empirical energy levels, while for ND,H, 15396
transitions are collected to derive 2987 energy levels. The derived
energy levels for both species are illustrated in Fig. 1. To connect
ortho and para transition networks, one makes use of so-called
magic numbers. For this study, the magic number is chosen to
represent the forbidden 0y, — 0f , transition, whose transition
frequency is taken from E. Cané et al. (2022) to be 0.405928 cm ™!
for NH,D and 0.170745 cm™! for ND,H. The uncertainty of the
connecting magic number is estimated by taking the average
deviation of derived MARVEL term values from those predicted
by E. Caneé et al. (2022), for the levels 17 , 1] ;, and 1} ; in the
case of NH,D, and the levels 1 ;, 1{;, and 1j ; in the case of
ND,H. For NH,D and ND,H, the uncertainty is determined to
be 1.7 x 107% cm~! and 7.0 x 107® cm™1, respectively. A further
8 magic numbers for NH,D and 12 magic numbers for ND,H
are used to connect the largest remaining floating components
to the main network, all of which can be found in the MARVEL
transitions file in the supplementary data with the segment tag
‘MAGIC..

4 LINE LIST PRODUCTION

Production of high-quality line lists requires (i) a robust nuclear-
motion treatment, (ii) accurate potential and DMSs, and (iii) care-
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ful state labelling compatible with spectroscopic conventions.
In what follows, we outline the TROVE setup used for *NH,D
and “ND,H, the non-rigid reference frames implemented for
the large-amplitude inversion motion, the basis set construction
and symmetry adaptation, and the generation and MARVEL-based
refinement of the final line lists.

4.1 Variational calculation

Line lists for NH,D and ND,H were generated with the varia-
tional code TROVE (S. N. Yurchenko, W. Thiel & P. Jensen 2007).
TROVE employs a kinetic energy operator (KEO) represented as
a Taylor-type expansion around a non-rigid reference configura-
tion. For this work, the KEO was expanded to sixth order in five
rectilinear linearized coordinates,

lin lin lin lin glin glin
& = (A", A, A, S, Sg'Y,

about a large-amplitude coordinate p that follows the Hougen-
Bunker-Johns formulation (J. T. Hougen, P. R. Bunker & J. W. C.
Johns 1970). The linearized coordinates are constructed using the
following five combinations of valence coordinates, bond lengths
11, 12, and r3 and interbond angles o1, 13, and o3:

Ar=r—r, Arn=r—r, Ar=r;—r, Y]
Sa = %(2%3 — 013 — Ollz), Sp = %(Olls - 0612), @)

where r. is the equilibrium bond length. The sixth coordinate
p describes the inversion (umbrella) motion and is defined as
the angle between the molecular trisector and any one of the
bonds with p = /2 corresponding to the planar configuration.
For NH,D, the equivalent nuclei are H, and Hj; for ND,H, they
are D, and Ds.

Defining the Wang functions for rigid-rotor wavefunctions as
|J, k), where k is the projection of the rotational angular momen-
tum on the molecular z and the projection on the laboratory Z
axes, usually denoted m, is neglected, then the rotational motion
is treated by first forming symmetric and antisymmetric combi-
nations (S. N. Yurchenko et al. 2005):

[7,0, Trot),  Tror =J mod 2, 3



Table 4 Rotational symmetry and (K,, K.) parity in C,,(M) for NH,D
and ND,H. Here e/o denote even/odd integers.

[rot Trot K, parity K, parity

NH,D
A
Az
B,
B,

O = = O
™ O O o

o O o o

ND,H
Ar
Az
B,
B,

O = = O
® O O o
o o O o

1
K ) = — (1K) + (150 kD)), = 0,1,
@

with K = |k|. Here, ;o is the associated rotational parity and 'y
is the irrep in the C,,(M) symmetry group and m is omitted for
simplicity. Symmetry adaptation to C,,(M) is carried out as de-
scribed below; the correspondence between Iy, Tror, and (K, K.)
is summarized in Table 4.

All rovibrational eigenfunctions are constructed to transform
as irreducible representations of C,,(M) and are labelled accord-
ingly; the correlation with spectroscopic (HITRAN style) labels is
illustrated for the fundamentals in Table 1.

For each eigenfunction, TROVE coefficients in the symmetric-
top basis are analysed to identify the dominant |J, K) contribu-
tion(s). The rotational frame in TROVE is chosen as illustrated in
Fig. 2 with the z-axis in the symmetry o, plane. The axis frame
of type III is used to correlate the TROVE rotational quantum
numbers K and associated C,,(M) symmetry to the spectroscopic
rotational quantum numbers K, and K, following the standard
asymmetric-top rules (see e.g. P. R. Bunker & P. Jensen 1998) for
NH,D and ND,H are given in Table 4.

4.2 Non-rigid reference frames and molecular axes

The vibrational coordinate system follows that used for NH;. The
body-fixed frame xyz satisfies the Eckart-Sayvetz conditions (G.
O. Serensen 1979). For the large-amplitude inversion motion, we
employ non-rigid reference frames whose orientation depends
on p and is defined by principal axis system (PAS) conditions
(mass-dependent). The PAS was constructed numerically while
maintaining continuity across the inversion pathway; care was
taken to handle potential axis flips. Fig. 2 shows the dependence
of the rotational constants B, B,, B; on p, and Fig. 3 illustrates
the non-rigid frames implemented for NH,D and ND,H. Close to
planarity, the NH,D frame correlates to the representation type
ITI, while the ND,H frame to the representation type II (P. R.
Bunker & P. Jensen 1998).

4.3 TROVE basis set and Hamiltonian representation

The 1D primitive vibrational basis functions ¢,, (§i") for the three
stretches were computed with the Numerov-Cooley method (B.
Noumeroff 1923; J. W. Cooley 1961) on a grid spanning 0.4-2.0 A.
For the two asymmetric bends, we used harmonic-oscillator func-
tions; the inversion basis was generated on a finer p grid using
the Numerov-Cooley method. The stretching bases covered n; =
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0,...,9; bending excitations up to n4, ns = 16; inversion up to
neg = 36.

4.4 Contracted basis set and symmetrization

In TROVE rovibrational calculations, a two-step contraction was
employed (S. N. Yurchenko, A. Yachmenev & R. I. Ovsyan-
nikov 2017; S. Yurchenko 2023). Three reduced Hamiltonians
were first diagonalized for (i) stretches, (ii) bends, and (iii) inver-
sion:

Hs(tlr)@}m3 = (040506 | FH®°|050504), 5)
AZ\(EM) = (010,006 H%[05030,0,), )
Hi(rfxz(p) = (0,0,030405|H°P|0504030,0;). 7

Eigenfunctions were symmetry adapted to C,,(M). The final vi-
brational basis is a direct product of the three subspaces, trun-
cated by the polyad

P =4(n, + ny + n3) + 2(n4 + ns) + ng < Pnax = 36.

The J = 0 eigenfunctions were then truncated using an energy
threshold E; < 18000 cm™! and combined with the Wang rota-
tional functions from equations (3), and (4) to form rovibrational
bases for J = 0-40. For each J, four C,,(M) block Hamiltonians
(A1, Ay, By, B;) were constructed and diagonalized. This contrac-
tion strategy yields substantial efficiency gains with negligible
loss of accuracy.

4.5 Potential energy surface

Variational calculations used the CoYuTe PES, originally de-
veloped for “NH; and described by P. A. Coles et al. (2018).
CoYuTe combines high-level ab initio data (MRCI with aug-cc-
pwCVQZ/aug-cc-pwCV5Z extrapolated to the CBS limit) with
empirical refinement to MARVEL energies of *NH3, and provides
an accurate description of the inversion motion. For NH,D and
ND,H, the PES has proven a reliable foundation for rovibrational
energies across a wide temperature range.

4.6 Dipole moment surface

Transition intensities were computed using the same high-level
ab initio DMS employed in the CoYuTe *NH; line list (P.
A. Coles et al. 2019). Dipole components were calculated at
the CCSD(T)/aug-cc-pVQZ level and represented analytically in
curvilinear internal coordinates to ensure smooth interpolation
over the relevant configuration space.

4.7 Rovibrational line lists: states, transitions, and
accuracy refinement

Using this procedure and the CoYuTe spectroscopic model (PES
and DMS), CoYuTe line lists for NH,D/ND,H were gen-
erated, consisting of 1766 049 359/4791 272445 transitions and
4968 160/6829 277 states. Rovibrational states are labelled by
{J, Kq, Ke; 11, . .., ng; Dyip, Trot}. For spectroscopic usage, we also
provide normal-mode labels (v, v,, V34, V3p, Vaq, Vap, @/S) recon-
structed from the local indices. Assignments follow the ‘largest
coefficient’ criterion in the underlying basis, with parity and sym-
metry checks as constraints (Table 4).

Einstein A coefficients were computed from the DMS to gener-
ate transitions up to 10000 cm™~'. The lower state energy cut-off

MNRAS 00, 1 (2026)
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was set to B/, = 6000 cm™!. We recommend application of the
present lists up to about 1000 K (see more on the temperature
coverage below).

The calculation accuracy is illustrated in Fig. 4 as observed
minus calculated (obs. — calc.) residuals of the term values as a
function of J. The quality of the ND,H energies is significantly
affected by the isotope mass substitution, much more than that of
NH,D. For ND,H, there is a strong dependence on the rotational
quantum number K, with the obs. — calc. residuals growing ap-
proximately quadratically.

To improve line positions, variational term values were re-
placed by empirical energies where available using the MARVEL
approach (T. Furtenbacher et al. 2007). This ‘MARVELization’ sig-
nificantly enhances internal consistency and agreement with the
experiment.

5 LINE LISTS

The NH,D and ND,H data sets follow the standard ExoMol
format (J. Tennyson, C. Hill & S. N. Yurchenko 2013): each
line list comprises a .states file (rovibrational term values
and quantum numbers), a set of . trans files (Einstein A and
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state indices), and a partition function file .pf. Example ex-
cerpts are shown in Tables 5 and 6. The .states file lists,
for each i: the term value E; (cm™), total degeneracy g;, J, en-
ergy uncertainty, lifetime t, total symmetry I'y; € {A;, A;, By, By}
(C,,(M)), vibrational assignments in both normal mode notation
(v1, V2, Vg, V3p, Vag, Vap) With inversion s/a, and TROVE local in-
dices (ny, ..., ng), as well as rotational labels (K,, K.) and Tyy.
The Label field indicates the energy provenance: MARVEL (Ma)
or calculated (Ca) (L. K. McKemmish et al. 2024). The final col-
umn preserves the original calculated energy for traceability. The
.trans files provide the upper/lower state indices (f,i) and
Einstein A coefficients (s7!); the full transition set is split into
wavenumber bins for practicality.

For the uncertainties of the ‘MARVELized’ energy term values,
the experimental (MARVEL) values were used. For calculated en-
ergy term values, we assumed uncertainties to be linearly pro-
portional to the assigned normal mode quantum numbers and
quadratically proportional to the rotational quantum numbers J
and K, as follows:

unc. = a(v; + vy + Vg + Vap + Vag + vap) + DI + 1) + K2,
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where a = 0.2cm™!, b= 0.005cm™, ¢c = 0.2 cm™! (NH,D), and
c=0.6cm! (ND,H).

Fig. 5 illustrates the relative terrestrial spectroscopic impor-
tance of the four isotopologues of ammonia, NH,D and ND,H,
4NH; (P. A. Coles et al. 2019), and >’NH; (S. N. Yurchenko et al.
2024), by showing their room temperature absorption spectra
with intensities scaled by their natural (terrestrial) abundances
(I. E. Gordon et al. 2022).

5.1 Partition functions

Partition functions for NH,D and ND,H were computed by direct
summation on a 1 K grid from 0 to 2000 K:

o E;

QT) = Zg(nig(ZJi + 1)exp<—T> ,

where g(rfg is the nuclear-spin statistical factor, J; is the rotational
quantum number, ¢, is the second radiation constant (cm K), and
E; is the energy relative to the ground state. Fig. 6 shows Q(T)
for both isotopologues; NH,D is compared with the total internal
partition sums (TIPS) 2024 value (R. R. Gamache et al. 2025).
Agreement is good up to ~500 K; at higher T, the two curves
diverge, likely reflecting differences in underlying state complete-
ness or modelling assumptions. Convergence of the CoYuTe sum
with respect to rotational excitation is illustrated at T = 2000 K:
by Jmax = 40, Q(T) is converged within ~0.1 per cent, indicating
that in terms of Jn.x the present partition functions are suffi-
ciently complete up to 2000 K. Similar vibrational convergence
tests of imposed by the lower energy cut-off of 6000 cm ™' showed
completeness of the partition functions (and therefore of the
line lists) to within 2 per cent for T = 1000 K. We therefore
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recommend the line lists reported for applications up to ~1000-
1500 K. We are therefore puzzled by the disagreement with TIPS
for NH,D at T > 500 K.

Fig. 7 summarizes the coverage of transitions anchored to em-

of 1073 ¢cm molecule™!. For the microwave region, available
Cologne Database for Molecular Spectroscopy (CDMS) data (C.
P. Endres et al. 2016) are also included for comparison. This com-
parison highlights both the experimentally constrained subset

pirical energies (MARVELized) at T = 296 K and contrasts this
with the full CoYuTe predictions above an intensity threshold
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and the additional predictive reach of the present line lists across
the infrared.
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6 ILLUSTRATIONS

The temperature dependence of the NH,D and ND,H spectra is
illustrated in Fig. 8, which compares absorption cross-sections at
T = 300K and T = 2000 K. Raising the temperature leads to the
progressive filling of gaps between the fundamentals and over-
tone bands by hot-band transitions, thereby lifting the spectral
troughs. At the same time, the peak intensities of the funda-
mentals and overtones are reduced due to the decreased rela-
tive population of the vibrational ground state. This behaviour is
characteristic of polyatomic molecules at elevated temperatures

and demonstrates the expected redistribution of spectral intensity
with increasing thermal excitation.

A more detailed comparison with experiment is presented in
Fig. 9, where calculated spectra of NH,D and ND,Hat T = 296 K
are compared to the laboratory measurements of M. Snels et al.
(2003, 20064a, b) in the vy, vaq, Vap, Vaa, Vap, and 2vy, bands. The
agreement in both line positions and intensities is excellent, con-
firming the reliability of the line lists for spectroscopic analy-
sis. These results also demonstrate the utility of the new data
in assisting with experimental line assignments, particularly in
crowded spectral regions or at higher excitations where labo-

MNRAS 00, 1 (2026)



O. A. Smola et al.

10

"9N[eA ULId) 91B)S 9I,NL 0D [eUISLIO
‘(;eD,) 3811 A313U0 9L NX 0D a3 10 (. HT,) uonejodenxa adojost
((BIN,) THAMVIA 9} UO Paseq ST aN[eA ULId) 9Y) J1 uneorpur [aqe]
‘sToquunu wnjuenb [euoneIqA HAOYL
“uowrugIsse Y} Ul pasn JUSIILJ02 1saFIe]
{(N)A¢) ur UoNNQLIIUOD [BUOIIBIOI JO AT}OUIIAS
{Iaqunu wnjuenb [euoryejox
{Toquinu winjuenb [euonelox
{(IN)"T) U1 uoTNQLIIUOD [BUONIRIGIA JO AT}OWITIAS
{AI}OWIWAS UOISIdAUL
‘sIoqunu wnjuenb [eUOTIRIQIA SpOW [BULIOU
{(IN)AT) ur AnowrwiAs [e3o}
una
‘Kyureyreoun A31oud
{Ioquuinu winjuenb [euorielOI e)S
‘Koerouadop 9jeIs
‘onfeA wIa) a)e)s
{I9YTIUdPI d)e)S

Bl

[eqe1
Ou—Tu
17
[0l
101 |
1y
'}
U
®/S
1Q¥q <Dy 9€q PEQ “Ta “Ta
“uouh
i1
oun

C0T09T'CIvE j20] [4 0 0 0 0 T 00'T v 0 0 v S 0 0 0 0 T ! IV~ 20-H0Z66'S 00000¥'0 O 6 <COTO9TCIvE €I
T€5998'19¢¢ (20} 0 0 0 0 T 0 00T v 0 0 v S 0 0 0 T 0 0 IV~ T10-HSTPS'T 000000 O 6 T1€5998%9¢c CI
PI9cET v61¢E j20] 0 0 4 0 0 0 00'T v 0 0 v S 0 0 0 14 0 0 IV~ C0-HZL89'S 00000¥'0 O 6 ¥I9ccTvolic 1T
Y0v001 IS TE (20} 8 0 0 0 0 0 00T v 0 0 v S 0 0 0 0 14 0 IV~ CT0-HLI8T'E 0000080 O 6 POVOOY'ISIE OT
0€0TOT 6¥0¢ j20] 14 0 T 0 0 0 00'T v 0 0 v S 0 0 0 ! 4 0 IV~ 20-dS6I6't 0000090 O 6 0cO0TI0T'6¥0¢ 6
TS9Y00°TLLT (20} 0 14 0 0 0 0 00T v 0 0 v S 14 0 0 0 0 0 IV~ 10-H0€SO'E 000000 O 6 TIS9VO0'TLLT 8
T¥9L79'90S¢T BN 0 0 0 0 0 T 00'T v 0 0 v S 0 0 0 0 0 T IV~ 10-g¥SS6'€ 0010000 O 6 96L50S90ST L
S9L598°69¥C ®D [4 0 T 0 0 0 00T v 0 0 v S 0 0 0 ! T 0 IV~ 20-d¥L69'S 000000 O 6 S9LS98°69¥C 9
L6T80S°6LTC (2] 9 0 0 0 0 0 00'T v 0 0 v S 0 0 0 0 € 0 IV~ 20-°8L¥YC¥ 0000090 O 6 L6I80S'6LIT S
TEETLS S09T BN 0 0 T 0 0 0 00T v 0 0 v N 0 0 0 1 0 0 IV~ T0-HLTPC'T 0010000 O 6 $966£9°S091 14
9LLT06'60ST j20] 14 0 0 0 0 0 00'T v 0 0 v N 0 0 0 0 4 0 IV~ C0-HET96'9 00000¥'0 O 6 9LLTI06'60ST €
69CY16°SL8 BN [4 0 0 0 0 0 00T v 0 0 v N 0 0 0 0 T 0 IV~ 20-d¥0L6'8 000000 O 6  8TTILEL9L8 [4

000000°0 BN 0 0 0 0 0 0 00'T v 0 0 v S 0 0 0 0 0 0 v Jul T000000 O 6 000000°0 T
[0/ ey °qe1 ou Su tu ftu w Ty _Ng 01 1 XN Py Ay e/s Wa Pra 9a P4 T Ta 197 s/1 (wopun o 8 —wo/g 1

*JSI[ SUI] QHN Y3 JO o[ S23e1S * 9y} WOIJ J0eNXH S d[qeL

MNRAS 00, 1 (2026)



Table 6 Extract from a . trans file of the NH,D CoYuTe line list.

f i A
4274094 4300204 7.4466¢-16
1602946 1650709 2.3016¢-16
2799211 2752947 2.6329¢-15
1371027 1325721 3.4690¢e-16
1937548 1889355 3.4061e-16
2705837 2658683 2.7066¢-16
1060674 1104081 5.1314e-16
595074 631277 3.1906¢-16

Notes. f: upper state counting number;
i lower state counting number;
Ay;: Einstein A coefficient (in s7h).

ratory measurements are more challenging. We note, however,
that the comparisons are necessarily qualitative, as only digitized
spectra from the original publications were available rather than
the underlying experimental line lists. Besides, the 2v,, band
though observed has not been analysed, to the best of our knowl-
edge.

7 CONCLUSIONS

We present new comprehensive variational CoYuTe line lists for
the asymmetric deuterated isotopologues of ammonia, *NH,D
and “ND,H, generated with the TROVE nuclear motion pro-
gram. The calculations employed the high-accuracy CoYuTe PES,
originally developed for hot *NHj, together with a high-level
ab initio DMS. To improve accuracy, empirically derived energy
levels from the MARVEL procedure were incorporated, replacing
calculated term values where available.

The resulting line lists cover the wavenumber range 0-10 000
cm~! and are reliable for modelling spectra at temperatures up
to ~1000 K, making them suitable for a wide variety of astro-
physical and atmospheric applications. Partition functions and
temperature-dependent opacities have also been computed and
made available. Comparisons with existing experimental data,
particularly infrared spectra from the literature, show excellent
agreement in both line positions and intensities, lending confi-
dence to the predictive capability of the line lists.

For the first time, complete and systematically generated rovi-
brational data are now available for NH,D and ND,H, filling
a long-standing gap in spectroscopic databases. These data are
directly relevant for studies of deuterium chemistry in the inter-
stellar medium and star-forming regions, as well as for modelling
the atmospheres of planets and brown dwarfs, where ammonia
isotopologues may contribute to the opacity. In addition, we find
that NH,D makes a non-negligible contribution to terrestrial at-
mospheric absorption, strengthening the case for its inclusion in
databases such as HITRAN.

All line lists, together with partition functions, are provided in
the ExoMol format via www.exomol.com. These resources extend
the ExoMol database to cover deuterated ammonia, thereby en-
abling more complete and accurate modelling of nitrogen chem-
istry in a range of astrophysical and planetary environments. We
also expect this work to provide data that contribute to studies
investigating how machine learning techniques can be applied
to predict isotopologue extrapolated energy levels in molecules,
as have been applied to isotopologues of CO, and CO (M. G.
Barnfield et al. 2026). Indeed, with a substantially larger data set
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for ND,H compared to that of NH,D, it will be illuminating to
study whether energies can be accurately extrapolated from a less
abundant isotopologue to a more abundant one.

By combining the CoYuTe PES with the high-accuracy DMS,
the present line lists provide comprehensive and precise spec-
troscopic data for NH,D and ND,H, suitable for applications in
astrophysical, atmospheric, and laboratory studies. These data
sets provide the most complete spectroscopic resource to date for
deuterated ammonia.
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