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An extended list of empirical ro-vibrational energy levels for the ammonia isotopologue *NH; is constructed
using the MARVEL procedure. The final transition set includes 69710 experimental line positions from 97
experimental sources covering the wavenumber range below 18177 cm
J =29. The transition set incorporates 23844 newly collated experimental transitions extending the covered
energy range beyond 7500 cm™!, yielding 10753 empirical energy levels with uncertainties, an increase of
5817 from the previous MARVEL study. This MARVEL set is then used to reMARVELise the CoYuTe line list

-1 and rotational excitations up to

for 1YNHj, yielding a total of 641836 experimentally accurate line positions. The updated line list is available

from www.exomol.com.

1. Introduction

Ammonia, NHgs, is one of the first polyatomic molecules to be
detected in the interstellar medium [1,2]. Since then, the rich ammonia
spectrum, along with its high abundance, has made it a useful probe
of physical and chemical conditions of molecular clouds [3-7]. In our
solar system, ammonia has been detected in the atmospheres of Jupiter
and Saturn [8-13], where features around 647 nm in particular are
used in determining the ammonia abundance and to probe cloud top
pressures [14]. Ammonia has recently been firmly detected in an ex-
oplanet atmosphere [15] following more tentative detections [16,17].
Its role as a potential biosignature in the atmospheres exoplanets has
also been discussed [18]. The presence of ammonia is also thought to
be a key indicator of cool Y dwarfs [19,20].

On Earth, ammonia is vital for agriculture, since it serves as a key
component in the production of many fertilizers [21]. The resulting re-
lease of ammonia into the surrounding environment is known to disrupt
the nitrogen cycle, potentially endangering dependent ecosystems [22,
23]. Consequently, pollution of ammonia and other nitrogen-bearing
species in the atmosphere needs to be monitored [24,25]. In particular,
oxidation of atmospheric ammonia leads to the production N,O [26],
a prominent greenhouse gas [27].

The experimental spectroscopy of ammonia spans well over a cen-
tury with the first known recorded spectra attributed to Eder [28,
29] in the 19th century. The inversion splitting was subsequently
measured in the infrared [30] and far-infrared regions [31,32]. Such
inversion transitions make ammonia a particularly potent microwave
amplifier, a property which was exploited in the development of the
first maser [33].

* Corresponding author.

For theoretical computations, ammonia has served as a molecule of
interest to test methods that can describe large amplitude motions. In
the case of ammonia, the relevant large amplitude motion is the so-
called umbrella motion. Extensive efforts have been made to compute
accurate ro-vibrational energies and transition frequencies of ammo-
nia [34-39]. In recent years, accurate ab initio surfaces have been
computed [40,41] for the full six-dimensional potential energy surface
of ammonia using MRCI and coupled-cluster methods, respectively. The
former surface was subsequently refined to empirical energy levels [42]
determined by the MARVEL (Measured Active Rotational Vibrational
Energy Levels) procedure [43] during the production of the highly
accurate variationally computed CoYuTe line list [44]. The CoYuTe line
list was also MARVELised, meaning variationally computed levels were
substituted for empirical energies where available, making the line list
suitable for high-resolution studies.

The MARVEL procedure has been applied to a range of diatomic
[45-49] and polyatomic molecules [50-55]; 14NH3 itself has been the
subject of two previous MARVEL studies [42,56], together comprising
experimental transitions from 83 sources [57-140]. More recently,
the 1>NH; isotopologue has also been subjected to a MARVEL treat-
ment [141]. Although Furtenbacher et al. [42] updated the transition
set obtained by Al Derzi et al. [56], it excluded transitions above
7500 cm~!, meaning some of the then available spectroscopic lit-
erature [64,142-144] was not incorporated into the study, one of
which [64] was included in Al Derzi et al. [56]. Here we update
the existing transition sets compiled in the past two studies [42,56]
with newly assigned, measured and remeasured transitions from 14
new sources [142-155], which significantly improve the coverage of
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the near infrared region. In part these improvements have been made
possible by the use of the MARVELised CoYuTe line list to assign spectra
of *NHj in this region.

2. Method
2.1. MARVEL procedure

The MARVEL procedure is based on the theory of spectroscopic
networks, and facilitates the derivation of empirical energy levels from
networks of experimentally measured transition frequencies, while en-
suring that each derived level is accompanied by statistically sound
uncertainties. The interested reader may find more details on the
MARVEL procedure, and spectroscopic network theory in Furtenbacher
et al. [43], Tobias et al. [156] and Arendas et al. [157,158]. Application
of the MARVEL procedure requires collating available spectroscopic
transition frequencies, accompanied by their uncertainties, quantum
number labels for the upper, and lower states and a segment tag
denoting the literature source for each transition. For uncertainty prop-
agation, we apply the bootstrapping algorithm available in MARVEL
4.1 [159].

2.2. Quantum numbers

Three-fold symmetric ammonia isotopologues belong to the D3, (M)
molecular symmetry group [160], encompassing the irreducible repre-
sentations I' = A/, A/z, E, A’l’ s A’z’ , or E”, which define the symmetry
selection rules A} « Af, A} « A7, and E' < E". In the case of
14NH,, the nuclear spin statistical weights are g,'?s' =0, g:sz = 12 and
gE = 6 [160], meaning that no levels belonging to the irreps Al or
Al exist in nature, including the theoretical ro-vibrational ground state
(J=0and I = A’l).14NH3 possesses six vibrational degrees of freedom:
a symmetric hydrogen stretch v,, the inversion mode v,, the asymmetric
stretch v, the bending motion v,, and the vibrational angular momenta
associated with the latter two excitations /3 and /,, respectively. Am-
monia is a symmetric top, with rotational quantum numbers J and K
to denote total rotational angular momentum and the projection along
the axis with the highest moment of inertia, respectively. Additionally,
due to the inversion tunnelling motion between the two minima of the
potential, ammonia states also split into symmetric “s” and antisymmet-
ric “a” components. The first MARVEL study on '#NH; [56] adopted
the quantum numbers (v, vy, v3, vy, I3, Iy, J, K, i, I, T, I;o) [161],
where i, I,, I, and I}, denote the inversion, rotational, vibrational
and total symmetry respectively. The second MARVEL set [42], instead
used L; = |/;| and L, = |l4] for the vibrational angular momenta, and
dropped the individual symmetry components I, and I',. The block
number N,, denoting the energy ordering of a state within a TROVE
(Theoretical ROVibrational Energies) [162] computed ro-vibrational
J — I, block, was also introduced. The final set of quantum numbers
used by Furtenbacher et al. [42] was then (v;, v,, v, vy, L3, Ly, J, K,
i, I'tor» Np) which we retain in this study. The MARVEL study on the
15NH3 isotopologue [141] made use of a vibrational index instead of
the block number. Both the block number and vibrational index depend
on the variational model used to compute energies and as such should
not be treated as rigorous.

We follow the HITRAN convention for the zero-point-energy and
set the lowest measured state to zero, which in the case of 1#NHj is
J=0,K=0,a, A (0,0,0°,00), i.e. the upper, asymmetric inversion
component of the ground state, with the symmetric component J = 0,
K =0, s, A} (0,0,0°,0°) being forbidden due to the nuclear spin statis-
tics. The inversion splitting separating the two states is 0.793399 cm™,
as determined by Urban et al. [125]. The previous two MARVEL studies
of *NH; used a different convention of setting the absolute zero to
the theoretical, non-existent, ground state of J/ = 0, K = 0, s, A’1
(0,0,0°,0), which we now modify such that the MARVEL standard is
now consistent with that of HITRAN. See also the recent MARVEL data
set of 15NH3 [141] where the same definition was used.
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3. Experimental data

In addition to the transitions from the previous MARVEL datasets,
Al Derzi et al. [56] and Furtenbacher et al. [42], we consider a
total of 14 additional sources [142-155], consisting of newly assigned
experimental transitions, as well as assigned transitions for which the
uncertainties in the transition frequencies have been redetermined. We
also consider an older source [64] of transitions in the visible region,
which was included in Al Derzi et al. [56] but omitted in Furtenbacher
et al. [42]. A summary of the sources considered, their spectral cover-
age and uncertainties are given in Table 1. In total, there are 69710
validated transitions, an increase of 23673 from Furtenbacher et al.
[42]. No new empirical determination has been made for the separation
between the forbidden A| ground state with the ortho (4], A) and
para (E', E") networks, so the so-called magic numbers derived by
Urban et al. [125] that were used previously [42] are retained. Two
newer experimental sources [163,164] were neglected as the transition
sets lack the quantum number assignments required for the MARVEL
procedure. The complete transition set, as well as lists of invalidated
and reassigned lines are available as part of the supplementary data.

3.1. Source specific comments

86CoLe [64] reported transitions which were found to possess sys-
tematic discrepancies of around 0.04 cm~! from those of 18ZoKoOv
[144]. 86CoLe assignments only included rotational quantum numbers.
In Al Derzi et al. [56] transitions from 86ColLe were given ad-hoc
vibrational assignments using the BYTe line list [39]. Here, if a given
86CoLe line has a corresponding line in 18ZoKoOv, we adopt the latter
assignment. Otherwise, the vibrational quantum numbers are taken
from CoYuTe [44], which while remaining ad-hoc, should provide a
slightly more realistic determination of the vibrational quanta than the
less accurate BYTe model.

The sources 22CaCeVaCa [151], 22CaCeVaCaa [152], 21CeCaCo
[148], 21CaCeBeCa [149] and 23CaCeVo [153] adopted the quan-
tum numbers previously used by Furtenbacher et al. [42] for their
assignment. This helped reduce the effort required for integrating these
sources into the established dataset. Some assigned ro-vibrational levels
had already been observed but were assigned different vibrational
quantum numbers while having the same block number. Therefore, a
number of lines had to be reassigned to make them consistent with the
previously assigned data.

22HuSuTo [150] contained 35 line assignments that break symme-
try selection rules, resulting in their invalidation.

16BaYuTeBe [142], 17BaPoYuTe [143], 18ZoKoOv [144] and
21ZoBeVaCi [147] extend beyond the 7500 cm™! cut-off applied in the
previous MARVEL study. Experimental quantum number assignments
are given without the TROVE block number N,. The block numbers
are given ad-hoc assignments based on the closest match to variational
CoYuTe levels [44] within the same J — I, block. Degeneracies in the
block number were manually resolved.

19SvRaVo [146] offers 5 new assignments or reassignments of
previous lines, as of the time of the HITRAN 2016 release [165], all
but one are invalidated. The one validated new assignment was found
to already be present in the previous MARVEL study [42]. The other
invalidated lines correspond to those where the rotational assignment
was incomplete.

4. Results

Applying the MARVEL procedure to the transition set yields a total
of 10753 empirically determined energy levels, increased from the
4936 levels derived by Furtenbacher et al. [42]. The derived energy
levels as a function of the rotational quantum number J are given
in Fig. 1. The corresponding uncertainties for the new energy levels,
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Table 1

Sources of the MARVEL transition set, their spectral range, number of validated transitions
V out of the total T, average uncertainty AU and sorted by median uncertainty MU. Sources
highlighted in bold are newly considered in this work.

Source tag Citation Range (cm™) v/T AU MU

09CaDoPu [571 19.10-19.10 2/2 65%x10°  65x107°
70KuWo [58] 0.72-0.82 5/5 70x107°  7.0x107°
67Kukolich [59] 0.79-0.80 3/3 70x10°  7.0x107°
65Kukolich [601 0.76-0.76 1/1 17x10°%  1.7x 1078
75PoKa [61] 0.24-1.33 119/119 26x107  1.7x1077
74CoPo [62] 0.69-1.96 50/50 29%x107  1.7x1077
80SiSm [631 0.18-0.41 15/15 33x107  33x1077
88TaEnHi [691 10.67-11.08 14/14 1.1x10°%  53x1077
82SaHaAmSh [65] 2.28-5.93 11/12 6.7x107  6.7x1077
16TwHaSe [671 6487.84-6636.72 56/58 83x 107  67x1077
96WiBeKIUr [66] 38.98-40.54 3/3 6.7x107  6.7x1077
98FiKhRuLe [68] 967.25-967.25 1/1 87x107  87x1077
90SmFiDa [70] 0.34-1.54 14/14 1.6x10°6  13x107°
10YuPeDrSu [751 13.33-157.19 175/175 35%x10°  1.7x107°
92SaEnHiPo [711 2.35-1387.92 80/80 22%x10°  2.0x107°
80Cohen [72] 2.09-4.07 17/17 22x10°  23x10°6
11DrYuPeGu [731 84.01-89.04 5/5 33%x10°  33x107°
84MaScFrKr [771 934.38-1075.20 9/9 43x10°%  33x10°°
11LeTrDaBo [74] 965.79-965.79 1/1 33x10°  33x107°
08SuLeXu [76] 1027.03-1075.20 14/14 42x10°%  33x1076
06ChPePiMa [801 15.55-46.47 30/30 1LI1x107°  38x107°
96KrTrBoBa [78] 40.52-40.54 2/2 53%x10°  53x107°
16PeYuPi [791 13.72-90.96 159/159 83x10°  6.7x1076
98BeUrWi [821 4.67-25.45 3/3 13x107%5  1.1x1075
00UrHeKhFi [811 948.23-951.78 2/2 13x107%  13x107°
85SiRe [83] 788.51-1084.63 15/15 23x107°  1.7x1075
80BeGeKrMa [841 4.67-35.79 55/55 48x1075  33x107°
11GuJeMoPe [851] 1126.03-1171.44 22/22 59%x107°  40x107°
82MiToCaLi [86] 1084.58-1084.62 5/5 78x 107 6.7x107°
86SaScMaPo [88] 772.44-1157.39 138/138 14x107*  68x1075
85BrTo [871 814.24-1122.05 81/81 88x107°  7.0x107%
89UrTuRaGu [89] 3984.94-4648.05 780/785 15x107*  9.0x107°
24ZhAgSeSh [155] 1084.58-1084.63 6/6 1.0x10™*  1.0x10™*
83PoMa [94] 19.10-316.78 204/204 35x107*  1.3x107*
22CaCeVaCa [151] 3900.38-4704.02  6038/6052  49x10™*  13x10™*
77KoMuHiBu [90] 887.88-971.88 11/11 1.6x107*  14x107*
83ShBjSc [931 891.88-1103.49 88/88 26x107*  20x107*
81SaMiWo [991 932.88-1084.63 32/32 47x107*  20x10™*
83UrPaKaYa [96] 709.09-1158.67 640/640 39x10*  2.0x107*
95FaltYa [981 904.80-1178.75 133/133 41x107*  20x10™*
19SvRaVo [146] 6540.25-6866.83 30/46 20x10*  2.0x107*
81SaWo [911 924.95-1043.15 39/39 20x107*  2.0x107*
84PoMa [95] 723.27-1250.17 533/533 37x10%  2.0x107*
92SaEnHiPo_S2 [711 1388.06-1859.71 727/727 77x107*  2.0x 107
94ChChCh [92] 928.56-955.06 48/48 24%x107*  20x107*
22CaCeVaCaa [152] 4706.41-5648.12  6562/6562  52x 107  22x107*
76FrOk [103] 926.05-1084.61 55/56 62x10™*  27x107*
10YuPeDrSu_S2 [751 39.08-672.64 1600/1600  4.6x10™*  3.0x 10~
23CaCeVo [153] 5650.51-6349.75  3344/3363  24x107°  3.1x107*
95KITaBr [121] 429.37-3114.85  2061/2066  1.6x107>  40x10™*
79HiJeFa [971 949.45-949.45 1/1 41x107*  41x10™*
18PeYuPeSu [111] 16.07-1572.77  1266/1266  1.1x 107  42x10™*
81UrSpPaKa [110] 4.67-969.02 299/299 1.0x1073  47x107*
87DCunha [113] 701.46-1187.35 196/196 L1x107%  50x107*
87LeLaGuTa [107] 1800.00-2099.43 455/455 80x10™*  50x107*
89GuAbTuRa [119] 3023.32-3674.90  1380/1382  1.3x10°  50x107*
93PiDa [106] 3331.04-3415.41 100/100 71x107*  50x 107
96BrMa [104] 4802.17-5292.97 602/615 62x10™*  50x107*
99FaYa [105] 770.91-1178.75 126/126 70x 10 50x107*
84Weber [108] 1511.31-1880.25 176/176 83x10™*  50x107*
00CoKITaBr [101] 1333.01-2096.09  1202/1202  56x107*  50x10™*
99KIBrTaKo [112] 2980.45-3633.84  2162/2162  1.1x 1072  50x10™*
01CoTaKIBr [118] 1201.93-2749.22  1305/1305 13x 1073 50x10™*

(continued on next page)

propagated with and without the bootstrapping procedure, are given applying bootstrapping is minimal.

in Fig. 2. As can be seen, many levels share the same uncertainty, indi- Residuals between variationally computed CoYuTe levels [44] and
cating a need for more uniquely determined uncertainties, particularly the newly determined MARVEL energies are given in Fig. 3. The large
at higher frequencies. Many of the energy levels are also determined residuals in the region beyond 7000 cm~! reflect the lower accuracy of
with only one transition frequency, so only one uncertainty is varied the variational model and the difficulty in assigning quantum numbers
at each bootstrap iteration, meaning the difference in uncertainty from at higher frequencies.
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Table 1 (continued).
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77HiKoBuFa [100] 887.88-1027.03 9/9 52x10™*  5.0x107*
13ArMaBo [102] 991.69-1859.71 462/462 57x10™*  5.0x107*
14FoGoHeSo [120] 6410.29-6764.53 209/212 15x 1073 50x107*
21CeCaCo [148] 4275.14-4356.61 701/703 53x10™*  5.0x107*
86UrCuMaRa [124] 511.37-1347.81 579/579 19x107%  58x107*
16PeYuPi_S2 [79] 39.55-707.26 1221/1221 77%10™*  6.0x107*
84UrCuNaPa [125] 1167.86-2126.72 949/950 20x107%  6.6x107*
86PaUrSpRa [115] 1425.79-1892.23 70/73 12x107%  7.6x107*
78Nereson [114] 942.57-956.15 27/27 1L.1x107%  81x107*
94BrPe [109] 38.98-3415.10 174/174 1.0x107%  9.1x107*
16PeYuPi_S3 [791 61.94-682.28 1469/1470 1.6x107%  1.0x1073
14CeHoVeCa [122] 4275.36-4339.67 222/229 1.7x107%  1.0x1073
13DoHiYuTe [128] 0.43-4810.58 10654/10661  2.5x 1073 1.0x 1073
22HuSuTo [150] 5604.96-6299.58 1556/1602 1.0x107%  1.0x1073
12SuBrHuSc [123] 6346.76-6973.52 1057/1072 1.8x107%  1.0x1073
11ZoShOvPo [127] 779.56-2029.23 5900/5915 24%x107%  1.0x1073
16SuYuPePi [117] 50.71-657.78 1724/1725 12x107%  1.0x1073
78Jones [116] 887.88-1032.13 23/23 12x107%  1.0x1073
85AnFiFrIl [126] 3134.65-3620.22 615/615 23x107%  14x1073
23YaSiLa [154] 2437.76-2457.66 6/6 19%107%  1.7x1073
86HeBiBa [129] 620.57-739.44 223/223 25x107%  1.8x1073
08LeLiXu [130] 6440.01-6832.30 221/222 28x107%  2.0x1073
07LiLeXu [132] 6421.23-6677.99 97/97 33x107%  20x1073
89UrTuRaGu_S2 [89] 3982.84-4633.09 74/74 32x107%  26x1073
21CaCeBeCa [149] 5651.56-6349.75 1759/1762 3.0x107%  3.0x1073
14DiMiQuSc [131] 3355.01-3355.01 1/1 3.0x107%  3.0x1073
80UrSpPaMc [139] 678.38-2013.99 481/482 7.6x107%  39x1073
10PeHa [136] 6460.42-6541.41 16/16 58x107%  5.0x1073
85UrMiRa [135] 3148.16-4503.74 478/478 57x107%  5.0x1073
88SnBa [133] 931.18-932.14 7/7 50x107%  5.0x1073
18MaMaMaPa [145] 1590.87-1633.00 10/10 56x107%  50x1073
71HeDeGo [134] 19.88-19.88 1/1 53x107%  53x1073
93LuHeNi [137] 6405.47-6887.90 312/315 6.1x107%  53x1073
99BePeMe [138] 6540.24-6624.48 27/27 65x107%  6.1x1073
16BaYuTeBe [142] 7403.48-8597.41 2168/2171 1.0x1072  1.0x1072
17BaPoYuTe [143] 9447.15-9895.34 642/642 1.0x1072  1.0x1072
15BaYuTeCl [140] 500.53-1883.66 1347/1366 1.8x102  1.4x1072
89UrTuRaGu_S3 [89] 3969.87-4658.62 32/32 1.8x1072  1.4x1072
86CoLe [64] 15259.40-15552.51 319/322 20%x1072  2.0x1072
18ZoKoOv [144]  15260.24-18194.00 309/338 27x1072  24x1072
21ZoBeVaCi [147]1  12493.81-12763.49 251/259 40x1072  40x1072
17500
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Fig. 1. MARVEL derived energy levels from Furtenbacher et al. [42] and this work as a function of rotational quantum number J.

To be suitable for high-resolution studies, ExoMol line lists are
MARVElised, meaning that variationally computed energies and their
uncertainties are replaced with the corresponding MARVEL energy
and uncertainty values where available [167,168]. The updated list
of energy levels is used to once again apply this procedure to the
CoYuTe line list [44]. At higher energies some MARVEL levels may be
misassigned, or are difficult to match with their variational counterpart
due to the reduced accuracy of the spectroscopic model. To minimize
the number of potentially problematic levels substituted into the line
list, we substitute 8248 of the 10 753 empirical levels, which are chosen

such that they are derived from more than one transition, and whose
deviation from the variational calculation is no greater than 1 cm™!.
A total of 641 836 experimentally accurate lines are computed from
transitions between MARVEL derived levels. To simulate the resulting
room temperature spectrum, the ExoCross programme [169] is used,
for a temperature of T = 296 K, and with the HITRAN intensity cut-
off of 1073% ecm/molecule applied. With this cut-off, the number of
experimentally accurate lines in the spectrum is 396 311. This is to
compare to 76606 “NH; transitions in HITRAN2020 [170]. Fig. 4
compares the coverage of the MARVELised CoYuTe transitions with
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Fig. 5. Comparison of the two MARVELised CoYuTe spectra with that of Giver et al. [171] simulated at T = 294 K, digitized by [172]. CoYuTe cross-sections are computed using
the ExoCross code [169] with a HWHM = 0.075 cm™! and intensity cutoff = 10~* ¢cm/molecule.

the data coverage in HITRAN2020 by plotting the individual intensities
below 18176 cm™'.

In order to gauge how the newly reMARVELised CoYuTe model
performs in the visible region, we compare to the Jupiter spectrum
recorded by Giver et al. [171]. Fig. 5 shows the comparison between the
2020 CoYuTe model, the current MARVELised model and Giver’s spec-
trum. The agreement remains similar to that observed by [172]. Line
positions remain mostly unchanged, with the most notable difference
being decreased intensities in the latest line list.

5. Conclusion

We have applied the MARVEL procedure to derive a further 5817
empirical ro-vibrational energy levels for the ammonia isotopologue
14NH,, notably extending the coverage of the MARVEL energy levels
list beyond 7500 cm~!. The updated energy level list and reMAR-
VELised CoYuTe line list is expected to be useful as a benchmark for
future variational models, and to aid in future assignments, helping to
further understanding of the ammonia spectrum. The updated line list
is also included as part of the ExoMol database [173-176], intended to
aid molecular retrievals of exoplanet atmospheres as well as other as-
trophysical settings. Although the red spectrum from [144] is included,
it remains to be seen as to whether the inclusion of these transitions
can aid in observations of the Jovian atmosphere, where the 647 nm
ammonia absorption band [13] is known to be prominent. While the
empirical energies in these high energy regions should be accurate,
the assignment of quantum numbers to these states should be regarded
with caution. A great deal of the visible ammonia spectrum remains
unassigned, as well as being limited in accuracy, so there is clear scope
for future experimental and computational efforts to further resolve and
characterize the ammonia spectrum in these highly excited bands.
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