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The most recent version of the MARVEL (Measured Active Rotational-Vibrational Energy Levels) proto-
col and code is used to update and extend the list of accurately known empirical rovibrational energy
levels of “NHj falling in the range of 0 — 7500 cm~!. Compared to an earlier similar study covering all
the measured transitions of “NH; [22], the present investigation is limited to transitions with an upper
energy level below 7500 cm~!, considers 82 sources (28 new) of transitions data, corrects several older
assignments, and utilizes an improved validation procedure based partially on high-quality first-principles
rovibrational energies. This study yields 4936 uniquely labelled empirical rovibrational energy levels, the
set is complete up to 2413 cm~'. We confirm the overall high accuracy of the most recent “spectroscopic”
(fitted) “NH; potential energy surface, C2018, up to 7500 cm~'. Investigation of energy values result-
ing from previous effective-Hamiltonian fits forms an important part of this study. It is established that
previous effective-Hamiltonian fits, using high expansion orders in the Hamiltonian, are inaccurate for
certain high rotational excitations of all vibrational parents considered. Employing the ground vibrational
state as a test case, it is shown that the origin of the problem is that the observed “NHj; spectroscopic
network formed by rotational transitions and used for the effective-Hamiltonian fit contains floating com-
ponents. A much improved effective-Hamiltonian fit is presented whereby the floating components are
connected to the principal components of the spectroscopic network by carefully selected first-principles
links. It is recommended that for all molecules the experimental set of transitions employed for an effec-
tive Hamiltonian fit should be checked for floating components and extra care be exercised if they exist,
as in these cases the adequate reproduction of the transitions does not automatically mean that the ener-
gies derived from the effective-Hamiltonian parameters are correct as well. The connectivity problem of
measured spectroscopic networks becomes more and more pronounced as the order of the Hamiltonian
is increased.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

cle [2] are important scientific and engineering objectives which
can be supported by detailed, high-resolution spectroscopic inves-

Ammonia, NH3, a simple four-atomic “inorganic” molecule, is
vital to society as modern food production is highly dependent
upon ammonia-based fertilizers. Ammonia is manufactured at the
prodigious global rate of about 5 tonnes per second. Ammonia is a
poisonous gas both for humans and plants and its ever-increasing
release into the earth’s atmosphere has several undesirable con-
sequences [1-3]. Thus, monitoring the concentration of ammonia
in the atmosphere and understanding the associated nitrogen cy-
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tigations. Measurements of spatially resolved atmospheric concen-
trations of ammonia require reliable and extensive laboratory data,
preferably with a complete coverage of the energies and transitions
of the spectroscopic regions of interest.

Astronomically, ammonia was the first polyatomic molecule de-
tected in interstellar space [4] and, due to its thermodynamic sta-
bility, it is one of the principal molecular carriers of nitrogen. Am-
monia provides one of the most accurate “molecular thermome-
ters” for the interstellar medium [5,6] and it is omnipresent in
star-forming primordial gas clouds. Ammonia is well known in
solar-system gas giants and has recently been detected in the
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atmosphere of a hot-Jupiter exoplanet [7]. Ammonia is thought
to provide the key signature of Y-dwarfs [8,9], the coolest cate-
gory of brown-dwarf stars. Consequently, ammonia spectra have
been analysed in considerable detail in brown dwarfs [10]. Detailed
knowledge of the high-resolution spectrum of ammonia at widely
different temperatures, from cold (10 K) to hot (2000 K), is key to
the success of a large number of astronomical studies.

The rovibrational states of ammonia display characteristic and
highly varying tunnelling splittings associated with ammonia’s fa-
mous inversion motion [11-13]. Note that the splittings and the as-
sociated nuclear dynamics can be controlled by medium-intensity
laser light [14], with possible technological applications [15]. The
high-resolution rovibrational spectrum of ammonia is also relevant
for metrology. Metrology studies based on precision spectroscopy
and involving ammonia include the accurate determination of the
Boltzmann constant [16-18] as well as the time variation of the
electron-to-proton mass ratio [19-21].

Al-Derzi et al. [22] undertook a systematic compilation of a
large number of measured and assigned high-resolution spectra of
4NHj;, published prior to 2014. The experimental transitions data
collated by Al-Derzi et al. [22] determine 4961 empirical rovibra-
tional energy levels. These levels were derived via the MARVEL
(Measured Active Rotational-Vibrational Energy Levels) procedure
[23-25], built upon the concept of spectroscopic networks [26-28].
The results of the investigation of Al-Derzi et al. [22] have been
used for a number of scientific studies, including ones focused on
nuclear-quadrupole coupling [29] and quadrupole splittings [30].
Since 2014, a number of new high-resolution studies of ammo-
nia spectra have become available [30-41]. In addition, analysis of
near-infrared (NIR) ammonia spectra [41] indicated that a number
of transitions included in the study of Al-Derzi et al. [22] were not
assigned entirely correctly, which, combined with some other is-
sues [13], led to a number of incorrect or incorrectly assigned en-
ergy levels. A number of changes to the transitions data collated
by Al-Derzi et al. [22] have already been described in Ref. [13]. For
these changes the reader should consult the Supplementary Mate-
rial of Ref. [13].

As part of this work, we extend and update the MARVEL anal-
ysis of the high-resolution spectra of ¥NHj;. In doing so we use
not only new [30-41] and re-assigned spectra but have taken the
opportunity to include several older sources of spectroscopic data
[42-64], which, for various reasons, were not treated by Al-Derzi
et al. [22]. As a result, the current MARVEL database contains con-
siderably more measured transitions than that employed by Al-
Derzi et al. [22].

A significant portion of the recent experimental studies have
concentrated on vibration-rotation spectra of ammonia with tran-
sitions above 7000 cm~! [35,39-41]. Two of these investigations,
Refs. [35] and [39], represent the first ever assignment of the
7400-8600 and the 9000-11 000 cm~! regions. A recent study
[41] found certain discrepancies between the assignments of Ref.
[41] and Ref. [35]. It would therefore not be surprising if similar
issues with the assignments presented in Ref. [39] appeared in the
future. Until more work is done to consolidate the results of Refs.
[35] and [39], it is safest not to include them in a MARVEL-based
study. Thus, we restrict the present investigation to transitions ly-
ing below 7500 cm~!. Al-Derzi et al. [22] considered only a single
source which contained transitions above 6625 cm~!. This source,
86CoLe [65], contains 323 partially assigned lines lying at about
15 000 cm~!. These results have recently been reassessed by Zobov
et al. [40] and the reader is referred to Ref. [40] for further in-
formation on observed high-resolution ammonia spectra at visible
wavelengths. They will not be discussed further in this paper.

A number of variationally computed line lists are available for
ammonia [40,66-70]. These can be highly useful for validating the
empirical energy levels produced by the MARVEL procedure. In this

study we employ the recent C2018 [70] and CoYuTe [71] varia-
tional line lists for validation purposes. The C2018 line list, which
was produced as part of the ExoMol project [72,73], is significantly
more accurate than the BYTe line list [67] used for validation of
the empirical rovibrational energy levels deduced by Al-Derzi et al.
[22]. Overall, one of the principal aims of the present study is the
production of a set of assigned rovibrational energy levels of ¥*NHj;
up to 7500 cm~! containing as many accurate empirical levels as
possible. When empirical energy levels are not available, we rec-
ommend the complete set of first-principles energy levels of Ref.
[71]. Accuracy of the complete energy level set of a molecule could
be improved by replacing first-principles energy values with those
derived from effective Hamiltonians (EH). However, in the case of
NH3, as shown below, one must be particularly careful with this
approach.

Historically, EHs have been considered [74-79] unsuitable for
fitting the observed high-resolution spectra of ammonia to ex-
perimental accuracy. Nevertheless, recent studies by Pearson and
co-workers [33,80-82] showed that carefully constructed rotation-
inversion EHs are capable of describing most of the measured tran-
sitions with remarkable accuracy. The vibrational states for which
rotation-inversion EHs are available include the non-interacting
ground and v, states, as well as the 2v, — v4 and 3v, — (V3 + vy)
pairs (we employ the canonical ordering of the vibrational states
throughout this paper). While it is expected that EHs may not
be able to extrapolate properly, it is usually assumed that they
do interpolate energy levels with an accuracy that surpasses sig-
nificantly that of even the best first-principles variational com-
putations. Thus, we decided to investigate how best to comple-
ment empirical rovibrational energies of “NH; with EH ones in
order to improve the accuracy of the final energy levels set of this
study. The task is especially hard for high-K states for which char-
acteristics of the ammonia spectroscopy, in particular the AK =0
propensity rule, make the fitting particularly challenging. As de-
tailed in Section 3, we found significant issues with the EH fits
of Refs. [33,80-82]. New EH fits, yielding much more accurate
rovibrational energy values for certain highly excited rovibrational
states have been made and a new set of spectroscopic parameters
is provided for the vibrational ground state of ¥NHj.

2. Empirical rovibrational energy levels of 1¥NH;

The MARVEL protocol [23-25], yielding empirical rovibrational
energies, always starts with the construction of a spectroscopic
network (SN) [26,28] for the molecule in question, here “NHj,
using the dataset of measured and assigned transitions collated
from the literature. The measured transitions must each have a
unique assignment, which determines their place within the SN,
and an uncertainty. An inversion is then performed, yielding em-
pirically determined rovibrational energy levels within each com-
ponent of the SN. Recently the algorithms employed by MARVEL
have been systematically improved [23,25,83], the relationship of
SNs to formal network theory considered [26,27,84], and the un-
derlying methodology reviewed [28,85,86]. MARVEL has been used
to obtain accurate empirical rovibronic energy levels for a consid-
erable number of molecules, including diatomic [87-91], triatomic
[92-101], tetratomic [22,102], and polyatomic [103] species.

NH3 has three identical H atoms whose interchange is there-
fore subject to the Pauli principle. Within the D3,(M) molecular-
symmetry (MS) group [104], the states are divided into three cate-
gories: ortho states have (A),A}) symmetry, para states have (E’, E”)
symmetry, and there are no states of (A},A]) symmetry. The hypo-
thetical lowest-energy state of ¥NH3, with all quanta being zero,
has A} symmetry. Thus, it is a “missing” state. The ortho and para
nuclear-spin isomers are not linked by any transitions and there-
fore form distinct (so-called principal) components (PC). The PCs
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of the SN can be linked by what we call a “magic number”. In
this study, the lowest ortho energy level [(vq 1, vl33 vﬂf) J K inv=
(00 00 09) 11s, see below for the meaning of the label] is fixed
to 16.172 993 cm~!, while the energy of the lowest para level,
(000°0%)00aq, is fixed to 0.793 403 cm~'. Both of these values
are taken from Ref. [105]. Note that future improvements of am-
monia spectroscopy may result in changes in these values, similar
to what happened to the “magic number” of H,60 [106].

2.1. State labeling

In the study of Al-Derzi et al. [22] each rovibrational eigenstate
of “NH; was represented by the following set of 12 descriptors:
[U1 Uy V3 Vg4 l3 l4 JK inv Fth‘,ib Ftot]' where Vi (i=1,..., 4) dare
the vibrational normal-mode quantum numbers (employing canon-
ical ordering), I3 and [; are the vibrational angular-momentum
quantum numbers associated with modes 3 and 4, respectively, | is
the total angular-momentum quantum number, K = |k| is the pro-
jection of the total angular momentum on the molecule-fixed axis
z, and inv = a/s is the inversion symmetry (asymmetric/symmetric
or odd/even) of the vibrational motion. In the MARVEL database
of Al-Derzi et al. [22], O represents the symmetric/even, while 1
the asymmetric/odd choice, while in this study we use s for the
symmetric and a for the asymmetric inversion. The last three de-
scriptors of the label provide the rotational (I";o¢), the vibrational
(Cyip), and the full (I"yt) symmetry of the eigenstate. This informa-
tion comes from sophisticated quantum-chemical computations of
the rovibrational levels and helps when matching empirical energy
levels with their first-principles counterparts.

In 2016, several labeling problems of the database of Al-Derzi
et al. [22] related to the sign of I3 and Il; were identified and cor-
rected by two of the present co-authors [13]. Determination of the
sign of [; is almost impossible, especially in highly-excited cases.
Therefore, the L3 and L, values were introduced as quantum num-
bers used in the label, where L; = |};|, as had been recommended
previously [107]. During the present study we decided to employ
the L; labels and add an index (or counting number) for levels
within each J — I'tot block of the CoYuTe [71] energy list, Nyjock, to
the set of descriptors, since (a) the block index is unique, (b) deter-
mination of Npjoq is a preliminary test whether the given empiri-
cal energy level exists in the first-principles energy list or not, and
(c) this index facilitates the straightforward matching with first-
principles energy lists [67,68,108]. At the same time, we remove
the redundant I'yox and Iy, labels. Thus, in the present MARVEL
database of ¥NHj; the following 11 descriptors identify a rovibra-
tional state: [vy vy V3 V4 L3 Ly J K inv Ttor Npjock -

2.2. Experimental data sources

All sources of experimental rovibrational data collated by Al-
Derzi et al. [22], Refs. [16,32,75-81,105,109-154], except 86CoLe
[65] (because its wavenumber range begins at 15 259 cm~!, above
the range covered in this study), were retained in our compilation.
Furthermore, we (re-)evaluated a number of older experimental
sources, Refs. [42-64], not used in the final compilation of Al-Derzi
et al. [22]. A number of new data sources [30,31,33,34,82] were
also included in the revised set of experimental transitions. We
ignored six new data sources [35,37-40,155| because either they
deal with spectra at wavenumbers above 7500 cm~! [35,39,40],
thus they are irrelevant for the present study, or their resolution
is not sufficient for our present purpose [37,38,155]. The very re-
cent infrared transmission spectrum of hot ammonia reported by
20BeWoBe [156] was not considered as this source contains no line
assignments.

Table 1 contains information about all the data sources included
in our present compilation. It is important to reemphasize that

the present MARVEL database contains only those experimentally
measured lines in which both energy levels are under 7500 cm~!
and are connected to the PCs. As a result, the database assembled
contains no floating components (FC). Thus, in this study the ex-
perimental SN of “NH; contains 15 729 and 30 386 transitions
in the ortho and para PCs, respectively. Table 2 shows the vibra-
tional bands and the number of rovibrational states belonging to
each vibrational band origin (VBO) included in the present MAR-
VEL database.

The final MARVEL run of this study considered 46 115 transi-
tions from 82 sources (28 new), of these 46 037 were validated.
These lines determine 1753 ortho and 3183 para energy levels.
Files containing our final transition set (wavenumbers of unval-
idated lines are indicated with negative sign) and energy levels
are deposited in the supplementary data and can also be found
on the MARVEL website at http://kkrk.chem.elte.hu/marvelonline/
molecules.php. By comparison, Al-Derzi et al. [22] validated 27 930
measured transitions characterized by energy values less than
7500 cm~!. Overall, the number of energy levels already present
in the analysis of Al-Derzi et al. [22] up to 7500 cm~!, 4716, in-
creases to 4936 at the end of the present study. Thus, although
we treated 65% more transitions, the number of energy levels in-
creased only marginally, by 5%. The 220 new energy levels come
from only two sources, 146 from Ref. 15BaYuTeCl [32] and 74 from
16PeYuPi [33].

One of the most recent sources of “NH; transitions, 16TwHaSe
[30], reports 58 highly accurate lines, with uncertainties esti-
mated to be 20-30kHz, for the v; 4+ v3, V1 +2v4, and vz + 24
bands. Now, in the MARVEL world it often happens that differ-
ent sources with about the same accuracy predict distinctly dif-
ferent empirical energies. However, it is unprecedented that a
highly-accurate source is in conflict with other previous mea-
surements and dependable first-principles results at the same
time. Two lines of 16TwHaSe show such conflicts with the lines
of 12SuBrHuSc [79], 07LiLeXu [145], and 14FoGoHeSo [135]. The
first “problematic” line, at 6488199 520 0 cm~!, predicts an
energy value of about 6951.907 cm~! for the (001'22)66a
state, while the previous measurements suggest 6951.940 cm~!.
Note that basically the same conflict has already been noted
in 12SuBrHuSc [79]. There two out of three relevant lines pre-
dicted an energy of 6951.940 cm~!, while the third line yielded
6951.906 cm~!. The second “problematic” line of 16TwHaSe is the
one at 6508.300 271 2 cm~!. This line corresponds to an energy of
about 6673.631 cm~! for the (100°22)325s state, while the other
measurements [135,145] yield 6672.711 cm~'. Since the CoYuTe
first-principles energy list seemingly supports the results of the
older measurements, we tentatively deleted the two conflicting
lines of 16TwHaSe mentioned from the final MARVEL analysis.

2.3. Comparison of empirical energy levels with first-principles data

Al-Derzi et al. [22] partially validated the empirical energy lev-
els of NH; by comparing them with their counterparts in the
BYTe variationally computed energy list [67]. The accuracy of vari-
ationally computed energies has recently been improved signifi-
cantly with the production of a ‘spectroscopic’ potential energy
surface (PES) called C2018 [70], produced by refining the high-
accuracy ab initio PES of Polyansky et al. [157] to energies care-
fully selected from those produced by Al-Derzi et al. [22]. Since
the energy list of C2018 contains energies only up to J = 20, dur-
ing this study we utilized the extended version of this database,
called CoYuTe [71], which provides energies up to | = 43. Never-
theless, one must emphasize that the fitting of the C2018 PES in-
cluded empirical energies only up to J = 8 (to include any higher
levels of rotational excitation would have been computationally too
expensive).
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Table 1

Characteristics of the experimental data sources of rovibrational transitions of NH; analyzed during
the present study. A and V stand for the available (below 7500 cm~') and validated transition entries in
a given segment, respectively. ESU, MSU, and LSU designate the estimated, the median, and the largest
segment uncertainties, in cm~', respectively. Bold-face tag entries refer to sources not considered by Al-
Derzi et al. [22]. The sources are listed according to their decreasing accuracy in column ESU, with the
restriction that segments of the same source are listed consecutively.

Segment tag Range AlV ESU MSU LSU

67Kukolich [43] 0.79036-0.79622  3/3 7.00e—09  7.00e-09  7.00e—09
70KuWo [44] 0.72395-0.81833  5/5 7.00e-09  7.00e-09  7.00e—09
09CaDoPu [64] 19.096-19.096 2[2 6.50e-09  6.50e—09  7.00e—09
65Kukolich [42] 0.76167-0.76167  1/1 1.70e—08 1.70e—-08  1.70e—08
74CoPo [109] 0.68898-1.9580 50/50 1.67e-07 1.67e-07  1.33e-06
75PoKa [110] 0.24303-1.3323 119/119 1.67e-07 1.67e—-07  3.88e-06
80SiSm [50] 0.18123-0.40734  15/15 3.34e—-07 3.34e-07  3.34e-07
88TaEnHi [111] 10.670-11.077 14/14 531e-07 5.31e-07 5.43e-06
82SaHaAmSh [112] 2.2768-5.9274 12/11 6.67e—07 6.67e-07 6.67e-07
96WiBeKIUr [62] 38.975-40.536 3/3 6.70e-07  6.70e-07  6.70e—07
16TwHaSe [30] 6487.8-6636.7 58/56 6.67e—07  6.67e—07 1.67e—06
98FiKhRuLe [113] 967.25-967.25 11 8.74e-07  8.74e—07  8.74e-07
90SmFiDa [60] 0.33685-1.5385 14/14 1.30e-06  1.30e-06  3.15e—06
80Cohen [114] 2.0862-4.0680 17/17 2.34e-06  2.34e-06 6.67e—06
92SaEnHiPo [75] 2.3527-1387.9 80/80 2.00e-06  2.00e—06  1.89e—05
92SaEnHiPo_S2 [75] 1388.1-1859.7 727[727 2.00e-04  2.00e-04  2.33e-02
10YuPeDrSu [81] 13.334-157.19 175/175 1.70e-06  1.70e—06  6.32e—-05
10YuPeDrSu_S2 [81] 39.080-672.64 1600/1600  3.00e—04  3.00e-04  1.73e-02
84MaScFrKr [55] 934.38-1075.2 9/9 3.30e-06 3.30e-06  1.30e-05
08SuLeXu [63] 1027.0-1075.2 14/14 3.34e-06  3.34e-06  1.43e-05
11DrYuPeGu [115] 84.014-89.042 5/5 3.30e-06  3.30e—06  3.30e—06
11LeTrDaBo [16] 965.79-965.79 11 3.34e-06 3.34e-06  3.34e-06
06ChPePiMa [80] 15.552-46.468 30/30 3.80e-06 3.80e-06 6.21e-05
96KrTrBoBa [116] 40.523-40.536 2/2 5.30e-06 5.30e-06  5.94e—-06
16PeYuPi [33] 13.722-90.955 159/159 6.70e-06  6.70e-06  6.05e—05
16PeYuPi_S2 [33] 39.554-707.26 1221/1221 6.00e-04  6.00e-04  3.81e-02
16PeYuPi_S3 [33] 61.937-682.28 1470/1470  1.00e-03 1.00e-03  3.92e-02
98BeUrWi [117] 4,6746-25.446 3/3 1.11e-05 1.11e-05  2.85e-05
00UrHeKhFi [118] 948.23-951.78 2[2 1.33e-05 1.33e-05 2.64e-05
85SiRe [56] 788.51-1084.6 15/15 1.74e-05  1.74e-05 6.81e-05
80BeGeKrMa [49] 4.6747-35.793 55/55 3.34e-05 3.34e-05 3.13e-04
11GujJeMoPe [119] 1126.0-1171.4 22/[22 4.00e-05  4.00e—05 1.75e—-04
82MiToCalLi [52] 1084.6-1084.6 5/5 6.66e—05  6.66e—05 1.09e—-04
85BrTo [120] 814.24-1122.1 81/81 7.00e-05 7.01e-05 3.01e—-04
86SaScMaPo [121] 772.44-1157.4 138/138 6.79e—05  6.79e-05 1.58e—-03
89UrTuRaGu [122] 3984.9-4648.0 785/785 9.00e-05 9.00e-05 9.37e—04
89UrTuRaGu_S2 [122]  3982.8-4633.1 74[74 2.61e-03  2.61e-03  9.58e-03
89UrTuRaGu_S3 [122]  3969.9-4658.6 32/32 1.41e-02 1.41e-02  3.76e—02
77KoMuHiBu [47] 887.88-971.88 11/11 1.41e-04 1.41e-04 3.40e-04
83PoMa [54] 19.096-316.78 204/204 1.28e—04  1.28e-04  4.36e-03
81SaMiWo [123] 932.88-1084.6 32/32 2.00e-04  2.00e-04  8.16e—03
81SaWo [51] 924.95-1043.1 39/39 2.00e—04  2.00e-04  2.00e-04
83ShBjSc [53] 891.88-1103.5 88/88 2.00e-04  2.00e-04 1.17e-03
83UrPaKaYa [124] 709.09-1158.7 640/640 2.00e-04  2.00e-04  2.09e-02
84PoMa [125] 723.27-1250.2 533/533 2.00e—04  2.00e-04  1.03e-02
94ChChCh [126] 928.56-955.06 48/48 2.00e-04 2.00e-04 7.36e—04
95FaltYa [G1] 904.80-1178.8 133/133 2.00e-04  2.00e-04 7.88e—03
76FrOk [45] 926.05-1084.6 56/55 2.65e-04 2.65e—-04  3.88e-03
79HiJeFa [127] 949.45-949.45 151 4.10e-04 4.10e-04  4.10e-04
95KITaBr [76] 429.37-3114.8 2066/2062  4.00e—04  4.00e-04  3.95e-02
18PeYuPeSu [82] 16.068-1572.8 1266/1266  4.16e—04  4.16e—04  3.07e-02
77HiKoBuFa [46] 887.88-1027.0 9/9 5.00e-04 5.00e-04 6.70e—04
81UrSpPaKa [128] 4.6747-969.02 299/299 4.70e-04  4.70e-04  2.18e-02
84Weber [129] 1511.3-1880.3 176/176 5.00e-04  5.00e-04  8.08e—03
87DCunha [57] 701.46-1187.4 196/196 5.00e—-04 5.00e-04 1.72e-02
87LeLaGuTa [58] 1800.0-2099.4 455/455 5.00e-04 5.00e-04  2.49e-02
89GuAbTuRa [130] 3023.3-3674.9 1382/1380  5.00e—-04  5.00e—04  2.91e-02
93PiDa [131] 3331.0-3415.4 100/100 5.00e-04 5.00e-04  3.23e-03
96BrMa [132] 4802.2-5293.0 615/610 5.00e-04 5.00e-04  3.15e-02
99FaYa [133] 770.91-1178.8 126/126 5.00e-04 5.00e-04 2.21e-03
99KIBrTaKo [134] 2980.4-3633.8 2162/2162  5.00e-04  5.00e—-04  5.21e-02
00CoKITaBr [77] 1333.0-2096.1 1202/1202  5.00e-04  5.00e—04  2.65e—03
01CoTaKIBr [78] 1201.9-2749.2 1305/1305  5.00e-04  5.00e—04  4.32e-02
13ArMaBo [31] 991.69-1859.7 462/462 5.00e-04  5.00e-04 5.96e—03
14FoGoHeSo [135] 6410.3-6764.5 212/209 5.00e-04 5.00e-04  3.62e—02
86UrCuMaRa [136] 511.37-1347.8 579/579 5.77e—-04  5.77e-04  4.15e-02
84UrCuNaPa [105] 1167.9-2126.7 950/949 6.60e—04  6.60e—04  3.74e-02
78Nereson [137] 942.57-956.15 2727 8.11e-04 8.11e-04  3.95e-03
86PaUrSpRa [138] 1425.8-1892.2 73|70 7.64e—-04  7.64e—-04 7.71e-03
94BrPe [139] 38.976-3415.1 174/174 9.07e—-04  9.07e—04  2.80e-03

(continued on next page)
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Table 1 (continued)

Segment tag Range AlV ESU MSU LSU

78Jones [48] 887.88-1032.1 23/23 1.00e-03 1.00e-03  3.09e-03
85AnFiFrll [140] 3134.6-3620.2 615/615 1.37e-03 1.37e-03  3.70e-02
11ZoShOvPo [141] 779.56-2029.2 5915/5900 1.00e—03 1.00e—-03  8.19e-02
12SuBrHuSc [79] 6346.8-6973.5 1072/1057 1.00e—03 1.00e-03  4.00e—02
13DoHiYuTe [142] 0.42742-4810.6 10 661/10 657 1.00e—03 1.00e-03  6.27e-02
14CeHoVeCa [143]  4275.4-4339.7 229/228 1.00e—03 1.00e—-03  3.89e-02
16SuYuPePi [34] 50.711-657.78 1725/1724 1.00e—-03 1.00e-03  3.37e-02
86HeBiBa [144] 620.57-739.44 223/223 1.81e-03 1.81e-03 1.25e-02
07LiLeXu [145] 6421.2-6678.0 97/97 2.00e-03 2.00e—-03  3.88e-02
08LeLiXu [146] 6440.0-6832.3 222/221 2.00e—-03 2.00e-03  2.13e-02
14DiMiQuSc [147] 3355.0-3355.0 1YA! 3.00e-03 3.00e-03  3.00e-03
80UrSpPaMc [148] 678.38-2014.0 482481 3.91e-03 3.91e-03  5.00e-02
71HeDeGo [149] 19.885-19.885 11 5.26e—-03 5.26e-03  5.26e—03
85UrMiRa [150] 3148.2-4503.7 4781478 5.00e—03 5.00e—03  3.94e-02
88SnBa [59] 931.18-932.14 717 5.00e—-03 5.00e-03  5.00e—03
93LuHeNi [151] 6405.5-6887.9 315/314 5.33e-03 5.33e-03 1.70e—02
10PeHa [152] 6460.4-6541.4 16/16 5.00e—03 5.00e—03 1.06e—02
99BePeMe [153] 6540.2-6624.5 27/27 6.14e—03 6.14e-03 1.09e-02
15BaYuTeCl [32] 500.53-1883.7 1366/1349 1.36e—02 1.36e—-02  8.08e—02

Fig. 1 shows the differences between the MARVEL and the
CoYuTe [71] energies. As seen there, almost all MARVEL energy lev-
els are reproduced by CoYuTe within 0.5 cm~!, proving the high
accuracy of the underlying PES. Residuals larger than this are typ-
ically associated with the CoYuTe vibrational labels of 2v; + 3vy,
4v,, v1 +v3 or 4v, + 2y, which are sometimes in conflict with
the labels used in the present MARVEL dataset.

2.4. Comparison of empirical energy levels with existing EH data

Besides the (complete) set of first-principles rovibrational en-
ergies, EH energies, characterizing just one or a few vibrational
bands, can also be used for validating empirical rovibrational ener-
gies derived during a MARVEL analysis. Thus, we employed the EH
energy levels of 18PeYuPeSu [82] to check the MARVEL results of
this study. As clearly seen in Fig. 2, on the vibrational ground state
most of the MARVEL levels can be reproduced by the EH results
within 0.005 cm~!. Nevertheless, there are two sets of energy lev-
els where the differences are significantly larger (about 0.015 and
0.15 cm~1). Checking the experimental transitions we could not ex-
plain this unusual behavior. Therefore, we decided to compare the
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Fig. 1. Comparison of the empirical energies of ¥NH; obtained during this study
with their CoYuTe [71] counterparts.

18PeYuPeSu [82] EH energies to the first-principles CoYuTe levels.
Fig. 3 presents a subset of the results of this comparison.

As can be seen in Fig. 3, we detect unacceptably large differ-
ences at high K values and the systematic, nearly horizontal dif-
ferences are characterized by always the same K values. Thus, we
decided to scrutinize the EH fits of the ground vibrational state
and determine the reason behind these large discrepancies, much
larger than the proven uncertainty of the first-principles CoYuTe
levels (see the previous subsection).

After checking the spectroscopic database of 18PeYuPeSu [82],
employed to fit a high-order Watson-type EH model to transitions
corresponding to the ground vibrational state, it turned out that
each high-K group of outliers, in fact those on the horizontal lines
in Fig. 3, forms a separate FC in the experimental SN of “NHj.
This means that although there are measured transitions connect-
ing the energy levels within a FC of the assembled experimental
SN of “NHs, there are no measured transitions which connect to
other (high) K values. This in turn means that, at least in the case
of “NH3, including transitions present in FCs in the EH fitting re-
sults in unacceptable higher-order EH parameters and energy lev-
els even when all the transitions are fitted well. This means that

Difference / cm”
o
£
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Fig. 2. Comparison of the empirical ground-vibrational-state energies of NHs of
this study with their 18PeYuPeSu [82] counterparts.
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Table 2

Vibrational band origins (VBO) of NH3. VBO values with associated uncertainties
corresponding to the last few digits are taken from the present MARVEL database,
while those given in brackets correspond to first-principles estimates of Ref. [71].
See text for the meaning of the normal-mode and symmetry labels. Entries in ital-
ics correspond to “missing” vibrational energy levels of symmetry I'yj, = Aj. The
number of rovibrational levels (RL) related to each vibrational parent state is given
in the last column.

" v V3 Uy L3 Ly inv VBO [/ cm™! RL
0 0 0 0 0 0 s A} 0.0(0) 351
0 0 0 0 0 0 a A 0.7934030(10) 353
0 1 0 0 0 0 S Aj [932.4] 305
0 1 0 0 0 0 a Al 968.121930(28) 309
0 2 0 0 0 0 s A} [1597.5] 193
0 0 0 1 0 1 S E 1626.27472(29) 337
0 0 0 1 0 1 a E’ 1627.37238(20) 339
0 2 0 0 0 0 a Al 1882.177445(30) 230
0 3 0 0 0 0 s A’1 [2384.2] 107
0 1 0 1 0 1 S E 2540.5243(27) 192
0 1 0 1 0 1 a E’ 2586.12855(50) 187
0 3 0 0 0 0 a A 2895.52192(42) 101
0 2 0 1 0 1 S E [3189.4] 18
0 0 0 2 0 0 S A] [3215.9] 58
0 0 0 2 0 0 a Al 3217.57919(50) 40
0 0 0 2 0 2 S E 3240.16297(53) 116
0 0 0 2 0 2 a E’ 3241.59828(65) 101
1 0 0 0 0 0 s A} [3336.1] 61

1 0 0 0 0 0 a A’z’ 3337.09694(53) 58
0 0 1 0 1 0] S E 3443.62788(54) 124
0 0 1 0 1 0 a E’ 3443.98765(53) 125
0 4 0 0 0 0 s A} [3462.4] 45
0 2 0 1 0 1 a E’ [3502.6] 15
0 4 0 0 0 0 a Al [4061.6] 2

0 1 0 2 0 0 s A} [4115.9] 4

0 1 0 2 0 2 S E [4135.8] 26
0 1 0 2 0 0 a Al [4173.1] 12
0 1 0 2 0 2 a E’ [4192.9] 22
1 1 0 0 0 0 s A’1 [4294.5] 68
1 1 0 0 0 0 a AL 4320.030806(90) 68
0 1 1 0 1 0 s E' 4416.915053(90) 111
0 1 1 0 1 0 a E’ 4435.446476(90) 103
o 2 0 2 0 2 s E [4773.8] 1

0 0 0 3 0 1 s E [4799.2] 2

0 0 0 3 0 1 a E’ [4801.4] 1

o0 0o o0 3 0 3 s A, [4841.6] 1

1 0 0 1 0 1 S E 4955.75609(50) 98
1 0 0 1 0 1 a E’ [4956.9] 54
1 2 0 0 0 0 s A’1 [5000.2] 3

0 0 1 1 1 1 s A [5052.0] 7

0 0 1 1 1 1 s E [5052.6] 46
0 0 1 1 1 1 a Al [5052.7] 6

0 o0 1 1 1 1 a E [5053.2] 18
0 0 1 1 1 1 a Al [5067.7] 6

0 0 1 1 1 1 s A} [5067.8] 9

0 2 0 2 0 0 a Al [5093.6] 6

0 4 o0 1 0 1 s F [5104.9] 2

0 2 1 0 1 0 s E [5144.9] 14
0 2 1 0 1 0 a E’ [5353.0] 12
0 4 0 1 0 1 a E’ [5708.3] 1

1 1 0 1 0 1 s E [5897.8] 1

1 0 0 2 0 2 s E 6556.4217(12) 39
1 0 0 2 0 2 a E’ 6557.9306(13) 39
1 0 0 2 0 0 s A} [6603.8] 1

1 0 0 2 0 0 a Al [6604.7] 1

1 0 1 0 1 0 S E 6608.82189(50) 75
1 0 1 0 1 0 a E’ 6609.75336(50) 73
0 0 1 2 1 2 s A} [6650.8] 8

0 0 1 2 1 2 a A’l’ [6651.7] 6

o0 o0 1 2 1 2 a Al [6652.0] 2

0 0 1 2 1 2 a E’ 6678.31006(50) 64
0 0 1 2 1 2 s E 6677.43169(50) 66
0o 2 0o 3 0 1 a E [6680.4] 1

0 0 2 0 0 0 a Al 6795.3378(16) 29
0 0 2 0 0 0 s A} [6796.8] 27
0 0 2 0 2 0 S E 6850.2449(10) 18
0 0 2 0 2 0 a E’ 6850.6550(10) 18
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Fig. 3. Effective Hamiltonian model energies of 18PeYuPeSu [82] compared to their
CoYuTe [71] first-principles counterparts above | =15 on the ground vibrational
state of 1*NHs.

high-K-value energy levels (K> 18) are ill-determined in the EH
fits and as a result the corresponding energy levels derived from
the sources 10YuPeDrSu [81] and 18PeYuPeSu [82] are not trust-
worthy. Thus, we decided to perform a new EH fit on the ground
vibrational state using an extended database. The results are de-
scribed in the next section.

3. New effective Hamiltonian fitting to the pure rotational
transitions of “¥NH;

As mentioned in the previous section, although earlier EH fits
could reproduce all the experimental transitions in the SN of ¥NHj;
rather well for all vibrational parents tested, the energy values cor-
responding to states taking part only in FCs appear to be incorrect
(see Fig. 3). Our analysis suggested that in order to obtain correct
energy values we need to connect the FCs to the PCs (ortho and
para) of the SN. This can be achieved, for example, by adding “ar-
tificial” transitions to the SN which connect the FCs to the two PCs.
We call these transitions artificial as by design they do not need to
obey any selection rules.

To check the effect of the FCs on the empirical energy levels,
we created a test dataset containing only measured rotational tran-
sitions of the ground vibrational state of *NHj. This test dataset
contains 1660 transitions, 433 of which are distributed among 47
FCs of various size. The smallest J value in the FCs is 13, while
the largest one is 35. Most of the FCs consist of states of a given
K value with a range of J, and there are only a few cases where
the K value is less than J/2. The largest FC contains 62 energy lev-
els with the associated transitions having K equal to either 13 or
16 and J in the range from 13 to 30. After employing the 10YuPe-
DrSu effective Hamiltonian model to these rotational test data, we
obtained an EH fit (it is referred as EH Fit M hereafter, with M in-
dicating “measurements only”). The predicted energies from Fit M
exhibited basically the same behavior as depicted in Fig. 3. In other
words, it became clear that the effective Hamiltonian model can-
not reproduce those energy levels of CoYuTe which are part of FCs.
As the next step, we decided to connect the FCs to the PCs through
first-principles transitions.

By taking advantage of the proven high accuracy of the CoYuTe
first-principles energies one can reliably connect the FCs to the ap-
propriate PC. Since the test database contains 47 FCs, we would
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Fig. 4. Effective Hamiltonian model energies of 18PeYuPeSu [82] (left panel) and this work (right panel) compared to their CoYuTe [71] first-principles counterparts on the
ground vibrational state of NH; up to 7500 cm~'. Note the very different vertical scale of the two figures.

need at least 47 first-principles “artificial” transitions to eliminate
all of the FCs. However, with the minimum number of connections
one can not obtain an estimate of the unknown uncertainties of
the theoretical lines. Therefore, we added as many computed lines
to the test network as was feasible. To determine the uncertainty
of a given theoretical transition we calculated the discrepancies of
the cycles which contain the given first-principles transition and
the absolute average of these discrepancies was accepted as the
uncertainty of the first-principles “artificial” transitions. The im-
proved test dataset thus derived for the ground vibrational state of
NH; contains 1660 measured and 936 “artificial” lines. We ob-
tained one EH fit to this improved test dataset, referred to as EH
Fit A hereafter, with A indicating that “artificial” transitions have
been added.

Our new Fit A can reproduce the CoYuTe energy levels almost
perfectly. The left panel of Fig. 4 shows the differences between
the 18PeYuPeSu [82] and the CoYuTe [71] energies, while the right
panel shows the same differences using the result of Fit A based
on the improved test dataset. As can be seen, each CoYuTe energy
level can be reproduced by the new effective Hamiltonian model
within 0.4 cm~! all the way to 7500 cm~!.

It is important to note that the Fit A model shows systematic
deviations from the CoYuTe levels above | = 30. Nevertheless, since
the CoYuTe energy levels were generated using the C2018 PES [41],
for which the ab initio PES was adjusted using the experimental re-
sults only up to J = 8, it is hard to decide which theoretical model,
the first-principles or the effective one, results in “incorrect” en-
ergy levels. Further experimental and modeling studies are needed
to settle this issue.

Table 3 lists the parameters obtained from our new EH Fit
A, based on all available experimental transitions as well as 936
CoYuTe first-principles energy values, our new EH Fit M, based on
all available experimental transitions, and the EH fit in 10YuPeDrSu
[81], based on all available experimental data in the GS (s), GS
(a), vy (s), and v, (a), where GS refers to the ground vibrational
state. The fitting input and output files are provided in the Sup-
plementary Material, including the energy levels predicted from
the new EH models. Note that Fit M was started with constants
from 10YuPeDrSu [81]. Then Fit A was executed with the Fit M
final constants as the initial constants, and with the CoYuTe en-
ergies with J>19 of all K added to the fit to update the EH pa-

rameters. The Fit A parameters are updated by adding the CoYuTe
energies one K at a time, and the maximum J and K values of the
first-principles energies are 35. The fitting process was straightfor-
ward, and we did not experience convergence issues. Note that the
18PeYuPeSu EH model deals with higher vibrational states and its
ground states’ constants are fixed at those values determined from
10YuPeDrSu. Thus, the 18PeYuPeSu and 10YuPeDrSu models are ex-
actly the same for the ground state. Here we used the 10YuPeDrSu
constants as the inital constants for Fit M, because the uncertain-
ties of the ground state constants are provided in 10YuPeDrSu but
not in 18PeYuPeSu.

As shown in Table 3, the same set of 10YuPeDrSu parameters
[81] is sufficient to fit the added high J and K CoYuTe energies,
and additional higher-order EH parameters are not needed. When
comparing EH Fit M to 10YuPeDrSu [81] (see Diff. in Column 6
of Table 3), less than 3% changes are seen in the rotational con-
stants as well as the fourth- (D) and sixth-order (H) centrifugal-
distortion constants. Up to 72% changes are seen in the eighth- and
higher-order centrifugal-distortion parameters, with the exception
of a 130% change in the sixteenth-order centrifugal-distortion con-
stant P;. Such large changes are not unexpected. NH3 is a non-rigid
molecule, and its EH model has multiple local minima when fitting
to a limited set of experimental transitions that can not well con-
strain the model. When the experimental dataset is changed, the
fitting can find another local minimum and significantly change
the values of some of the EH parameters. For the levels that are
experimentally observed and connected to a PC, the predicted en-
ergies from various sets of EH parameter values are expected to
agree with each other; for the levels that are not experimentally
observed or connected to a PC, the predicted energies may vary
significantly among various sets of EH parameters. The CoYuTe
first-principles energies utilized connect levels with K and J up to
35 to the PCs and constrain the EH Fit A model with the maximum
number of transitions. Thus, the energies predicted from our new
EH model with K and J up to 35 are not extrapolated ones.

Direct comparison of EH Fit A and EH Fit M provides useful in-
sight into which terms might be significant and lead to discrep-
ancies at high K values, as the difference between the two fits is
only the presence of 936 CoYuTe first-principles high-K energies in
Fit A. The CoYuTe first-principles energies utilized connect levels
with K and J up to 35 to the PCs and constrain the Fit A model
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Table 3

Spectroscopic parameters, in MHz, for the vibrational ground state of NH3, where OC is Operator Code in SPFIT and SPCAT,
with the last two digits denoting vibrational identifier V1V2, 00 for GS (s), 11 for GS (a), and 01 for interaction between GS
(s) and GS (a) (see Ref. [81] for details). There is no well-established naming convention for the higher-order (above octic)
spectroscopic constants, the one used here is the one we prefer. Diff. in Columns 4 and 6 correspond to (FitA - FitM)/FitM
(FitM - 10YuPeDrSu)/10YuPeDrSu, respectively.

ocC Parameter New fit A Diff. (%) New fit M Diff. (%) 10YuPeDrSu [81]
0 E —23785.8904(33) 0.0 —23785.8919(33) 0.0 —23785.895135(112)
100 B 298192.9106(32) 0.0 298192.9067(32) 0.0 298192.92072(104)
1000 C-B —111497.0714(73) 0.0 —111497.0727(74) 0.0 —111497.0613(50)
200 -Dy —25.461858(154) 0.0 —25.461567(160) 0.0 —25.461658(115)
1100  —Dg 47.27987(56) 0.0 47.28043(58) 0.0 47.27790(62)
2000 Dy —27.35564(51) 0.0 —27.35587(59) 0.0 —27.35488(67)
300 H 7.2210(74) x 103 0.0 7.2226(79) x 1073 0.5 7.1836(90)x 103
1200  Hpk —0.022238(62) -0.4 —0.022331(65) 1.5 —0.021997(80)
2100 Hyg 0.023737(102) -0.8 0.023940(107) 2.0 0.023479(133)
3000 Hg —8.233(48) x 103 -1.9 —8.389(53) x 103 2.9 —8.154(63) x 1073
400 I —3.7693(152) x 106 0.5 —3.7503(166) x 106 1.0 —3.7140(141) x 10~
1300 Ly 1.88(34)x 1076 —453 3.44(37) x 1076 -355 5.333(279)x 10
2200 Lykk 0.04345(168)x 103 19.4 0.03639(182) x 103 40.3 0.02594(136)x 103
3100 Lykk —0.07820(238) x 103 13.7  —0.06875(256) x 103 274  —0.05395(194) x 103
4000 LK 0.03683(104)x 103 9.0 0.03378(120) x 103 30.0 0.02599(86)x 103
500 M 2.803(38)x107° 3.5 2.709(40) x 10~° 14 2.671(33)x107°
1400 Mk 0.01556(61)x 106 21.7 0.01279(68) x 106 10.7 0.01155(49)x10-¢
2300 Mk —0.1885(42) x 106 7.8 —0.1748(45) x 106 3.2 —0.1693(36) x 106
3200 Mk 0.4562(100)x 106 4.5 0.4367(103) x 10-¢ 1.0 0.4325(87)x10-¢
4100 Mgk —0.4214(99) x 106 1.9 —0.4136(100) x 106 -0.7 —0.4167(85) x 106
5000 Mg 0.1347(34)x10°6 5.1 0.1282(41) x 10-6 -11.5 0.14483(292)x 10
600 N, —1.619(57) x 10~12 8.7 —1.489(59) x 102 6.4 —1.400(51) x 10~12
1500 Ny —4.21(72) x 10712 63.2 —2.58(80) x 102 -9.2 —2.84(51) x 10~12
2400 Ny 0.2249(72)x10° 11.1 0.2025(77) x 109 2.2 0.1981(57)x10~°
3300 Nprx —0.8932(260) x 10~° 6.5 —0.8390(269) x 10~° -1.9 —0.8555(225) x 102
4200 Nk 1.285(41)x10° 0.9 1.273(42) x 1072 -84 1.390(35)x 10~
5100  Njkkxkk —0.759(33) x 10° -6.8 —0.814(34) x 10°° -17.0 —0.9811(241) x 10°
6000  Ng 0.1480(106)x 102 -24.6 0.1964(92) x 10~? -11.3 0.2214(60)x10~°
700 O 0.567(43)x10- 19.1 0.476(44) x 1013 214 0.392(39)x10-1
1600 Oy —7.04(52) x 1013 -3.8 —7.32(55) x 1013 -3.7 —7.60(45) x 10-13
2500 Opyx —0.1518(72) x 10-12 15.4 —0.1315(76) x 1012 -1.5 —0.1335(53) x 10712
3400  Opjik 0.904(41)x10-12 4.6 0.864(40) x 1012 -12.9 0.9923(257)x 1012
4300  Opkrrx —1.716(97) x 10-12 -4.9 —1.805(97) x 10-12 -229 —2.341(51) x 10712
5200  Opxkrx 1.398(109)x 102 -16.1 1.666(124) x 10-12 -329 2.482(48)x 1012
6100  Ojkkrrk —0.468(57) x 10712 -31.0 —0.678(76) x 1012 -43.6 —1.2015(217) x 10712
7000 Ok 0.0404(105)x 1012 -50.4 0.0815(232) x 1012 —68.2 0.2561(46)x 1012
800 P —0.0773(125) x 1018 51.0 —0.0512(129) x 1018 130.6 —0.0222(115) x 1018
1700 Py 2.431(165)x 1018 -1.2 2.461(174) x 10718 -2.8 2.531(162)x 1018
2600  Pyyr 0.0519(33)x 10~ 13.6 0.0457(33) x 1013 -15.7 0.05422(197)x10-1
3500  Pyyrx —0.3612(225) x 10~ 1 13 —0.3564(226) x 10~ -25.0 —0.4754(106) x 10-13
4400  Pyrekx 0.795(61)x10-13 -8.5 0.869(67) x 10~ -34.0 1.3174(244)x 1013
5300 Pyykkri —0.768(76) x 1013 -18.8 —0.946(99) x 10- -43.6 —1.6766(280) x 10~
6200  Pykrxkrk 0.322(45)x 1013 -31.0 0.467(75) x 10~ —-55.1 1.0391(163)x 10"
7100 Pjgkrrkk —0.0424(104) x 1013 —46.0 —0.0785(260) x 10~13 -72.3 —0.2832(43) x 10-
60000 n —0.1631(33) x 103 2.3 —0.1595(35) x 103 —11.1 —0.1794(42) x 1073
60100 7y 0.17661(298)x10-6 4.8 0.1685(36) x 106 -89 0.1850(38)x10-¢
61000 —0.3805(172) x 10~ 2.1 —0.3727(196) x 106 -133 —0.430(32) x 1076
111 B 298041.3739(32) 0.0 298041.3695(32) 0.0 298041.38282(104)
1011 C-B —111285.5847(73) 0.0 —111285.5855(74) 0.0 —111285.5732(50)
211 -Dy —24.956678(153) 0.0 —24.956360(158) 0.0 —24.956414(113)
1111 —Djk 45.88634(55) 0.0 45.88684(57) 0.0 45.88426(61)
2011 —Dg —26.40108(50) 0.0 —26.40127(58) 0.0 —26.40027(66)
311  H 6.0455(71)x 103 0.0 6.0463(75) x 1073 0.6 6.0083(86)x 103
1211 Hy —0.017421(61) -0.5 —0.017511(64) 1.9 —0.017179(78)
2111 Hpg 0.017211(101) -1.1 0.017409(106) 2.7 0.016947(131)
3011 Hg —5.307(47) x 1073 -2.8 —5.460(52) x 103 4.5 —5.224(63) x 103
411 L —1.6434(144) x 1076 1.6 —1.6172(155) x 10~ 2.1 —1.5843(127) x 106
1311 Ly —9.48(33) x 1076 18.8 —7.98(36) x 1076 30.6 —6.112(270) x 10-6
2211 Ly 0.06616(166)x 103 11.7 0.05922(180) x 103 21.1 0.04890(134)x 103
3111 Lk —0.09829(236) x 103 10.5  —0.08895(254) x 103 19.7 —0.07428(192) x 103
4011 LK 0.04347(103)x 103 7.5 0.04044(119) x 103 23.7 0.03269(85)x 103
511 M, —0.241(38) x 107° -33.8 —0.364(39) x 102 -9.5 —0.402(33) x 102
1411 My 0.03489(58)x 106 7.7 0.03239(64) x 10~ 33 0.03135(45)x10-¢
2311 My —0.2381(41) x 10-6 5.7 —0.2252(43) x 106 2.1 —0.2205(35) x 10-©
3211 Mgk 0.5204(98)x 106 3.7 0.5020(101) x 10-6 0.6 0.4988(85)x 10
4111 Mgk —0.4632(97) x 10~ 1.6 —0.4560(98) x 10-¢ -0.8 —0.4596(83) x 106
5011 Mg 0.1456(34)x 1076 4.5 0.1393(40) x 106 -10.7 0.15593(286)x 106
611 N, 1.583(57)x 10712 -10.6 1.771(59) x 102 -54 1.872(52)x 10712
1511 Ny —0.02662(69) x 102 3.7 —0.02566(76) x 102 -2.5 —0.02633(49) x 10-°
2411 Ny 0.2919(69)x 102 7.4 0.2719(73) x 109 1.0 0.2691(53)x10~°

(continued on next page)
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Table 3 (continued)

ocC Parameter New fit A Diff. (%) New fit M Diff. (%) 10YuPeDrSu [81]
3311 Npjx —1.0030(253) x 102 53 —0.9527(261) x 102 -1.9 —0.9712(214) x 107°
4211 Njxkk 1.389(41)x10? 0.7 1.380(41) x 107° -7.9 1.498(34)x10°
5111 Njkrx —0.812(33) x 10 -6.5 —0.868(34) x 1070 -16.2 —1.0362(234) x 10~°
6011 Ny 0.1596(106)x10~° -23.2 0.2078(91) x 102 -10.9 0.2332(59)x10~°
711 0 —1.527(43) x 107 -89 —~1.676(44) x 1075 -5.5 -1.773(39) x 10-3
1611 Oy 8.36(51)x10~1> -5.1 8.81(56) x 10~ -0.1 8.82(48)x10~13
2511 Opykc —0.2018(70) x 10-12 9.4 —0.1844(73) x 1012 -15 —0.1872(49) x 1012
3411 Ok 1.001(41)x 1012 3.7 0.965(39) x 10-12 -11.7 1.0928(242)x 1012
4311 Ok —1.843(97) x 10~ 12 -4.7 —1.933(97) x 10~ 12 =215 —2.463(49) x 10712
5211 OpkkkK 1.510(110)x 1012 -14.8 1.772(124) x 1012 -313 2.580(46)x 1012
6111 OjkKKKKK —0.528(57) x 10~12 -27.9 —0.732(76) x 10-2 -41.3 —1.2480(211) x 10-12
7011 Ok 0.0547(106)x 1012 -41.8 0.0940(230) x 10-2 —64.7 0.2663(45)x 1012
811 P 0.5354(127)x 1018 -8.2 0.5830(132) x 1018 -5.2 0.6153(119)x 1018
1711 Py —2.146(173) x 1018 -10.8 —2.407(187) x 10718 0.9 —2.385(178) x 1018
2611 Pyykx 0.0671(33)x10-1 8.2 0.0620(33) x 10-3 -12.0 0.07042(181)x10-1
3511 Pyprxx —0.3941(228) x 1013 0.9 —0.3905(228) x 10-15 -23.0 —0.5071(99) x 10-1>
4411 Py 0.849(61)x10~1 -7.8 0.921(67) x 10713 -324 1.3620(233)x 10713
5311 Ppxkr —0.832(77) x 1071 -17.0 —1.003(99) x 10-13 -41.8 —1.7225(271) x 10-13
6211 Pykxxkr 0.366(46)x 101 -27.5 0.505(75) x 10~ -52.7 1.0683(160)x 1013
7111 Prkrxr —0.0552(105) x 1013 -38.5 —0.0897(258) x 10713 —69.2 —0.2914(42) x 107>
60,011 n —0.1628(34) x 103 2.3 —0.1592(36) x 103 -11.4 —0.1797(43) x 1073
60,111 Ul 0.17669(305)x10-¢ 4.9 0.1685(37) x 10-¢ -93 0.1857(39)x10-¢
61,011 Nk —0.4198(163) x 106 1.6 —0.4133(187) x 10-© -88 —0.4533(315) x 106
230001 « —8.650(45) 0.4 —8.614(48) -32 —8.896(54)
230101 o 5.6508(299)x 103 1.5 5.566(40) x 103 -2.6 5.716(38)x 1073
230201 7] —1.7587(73) x 10~ 1.8 —1.7276(119) x 106 29 —1.6791(112) x 106
230301 oy 1.0305(132)x107? 7.7 0.9566(209) x 109 0.1 0.9558(157)x10~°
231001 ok —0.03343(75) 9.0 —0.03066(81) 20.9 —0.02536(54)
231101 o 0.06667(94)x 103 6.8 0.06245(107) x 103 34 0.06039(76)x 103
231201 oy —0.02862(52) x 1076 4.8 —0.02731(62) x 106 —6.2  —0.029115(303) x 106
232101 ok 0.03176(131)x10°¢ -12.0 0.03608(168) x 10~ -27.6 0.04986(32)x 106
232001  oxx —0.03217(149) x 103 —183  —0.03936(177) x 103 -25.1 —0.05257(45) x 1073
233001 oy —1.51(44) x 10-° -371 —2.40(97) x 107° —69.5 —7.858(89) x 10

with a large number of transitions. Thus, we expect improved un-
certainties for the terms leading to the discrepancies at high K. In
fact, the parameters Ok and Pjggrrxx have the most reduced un-
certainties, with uncertainty values in EH Fit A being ~40% and
~45% of those in Fit M. In addition, the following terms are de-
termined with significantly reduced uncertainties: Pyggixik( ~ 60%),
Pj]]KKKKK(N75%)- and O]]KKKKK (~75%) The rest of the Centrifugal—
distortion constants changed by less than 10%. Our conclusion is
that the constants mentioned play the most significant role in the
discrepancies observed at high K values.

A referee of this paper called our attention to a study of Costain
[74]. Costain fitted microwave ammonia transitions using the em-
pirical formula

v =veexp[AJ(J + 1) + BK2 + CJ2(J + 1)? + DJ(J + 1)K? + EK*] (1)

and suggested that the inversion spectrum might be more accu-
rately represented by this formula than by the usual expression
used in this work and 10YuPeDrSu [81]. Table S1 of the Supple-
mentary Material lists the lines fitted by Costain [74], the fitting
residuals obtained by Costain [74] and those characterizing our EH
models. The comparison of fitting residuals indicates that the lines
available to Costain are represented better by our EH models. This
may be due to the fact that we include many more high J and K
lines in our EH models than the 64 lines Costain [74] dealt with.
Nevertheless, in a future work we plan to incorporate this empir-
ical formula to fit the data included in EH Fit A and establish the
performance of this model.

4. Highly accurate rotational lines of NH;

A common feature of most present-day line-by-line spec-
troscopic databases, including HITRAN 2016 [158], is that they
are based almost exclusively on lines obtained from Doppler-
broadened spectra. The usual Doppler linewidth is about 1-

5GHz, strongly limiting the accuracy of the high-resolution lines
measured and the resolution of the experiments. Modern laser-
spectroscopy measurements, based on frequency combs, cavity en-
hancement, saturation, and other recent experimental advances, al-
low Doppler-free measurement of certain lines. The accuracy of
these measurements approach the 1kHz region [106], though in
principle it can be even better.

Several scientific and engineering applications need the protec-
tion of certain narrow regions around lines so that observations
of these molecular transitions, perhaps of astronomical interest,
will not be hindered by man-made activities. Due to an effort of
a number of international organizations over several decades, a
number of lines with frequencies less than 3 THz for a number of
molecules, including ammonia, have become protected [159]. The
14NH; lines under protection by certain international bodies asso-
ciated with the National Academies of Sciences, Engineering, and
Medicine (NASEM) [159] are listed in Table 4.

As shown in Table 4, our MARVEL database contains several
sources reporting measurements of the lines protected with an ac-
curacy down to 0.2 kHz. The present MARVEL analysis of all avail-
able high-resolution spectroscopic information for ¥NH3 confirms
the accuracy of the best measurements. Furthermore, in a few
cases MARVEL even improves upon the accuracy of the best mea-
surements. In fact, above 2 THz there are several lines, given in
Table 4 as boldface entries under ffMARVEL), where the empirical
estimates of the present study have tighter uncertainties than the
best measurements. Fig. 5 illustrates two such cases. Finally, we
note that the designation of quite a few lines above 1 THz used
by NASEM [159] are incorrect by more than 2 MHz. These entries
are italicized in the first column of Table 4. There are three cases,
the lines at 2405.121, 2991.555, and 2994.786 GHz, where both
the NASEM designations are incorrect and we obtain higher accu-
racy as a result of our MARVEL analysis than the best measure-
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Table 4

Rotational lines of NH3 under protection by international bodies associated with the National
Academies of Sciences, Engineering, and Medicine (NASEM) [159] and their various experimental
and empirical determinations. All values are in GHz and all lines belong to the vibrational ground
state. For each line all measurements treated during the MARVEL analysis are reported. A NASEM
entry in italics indicates that the difference between MARVEL and NASEM is larger than 2 MHz.
Boldface MARVEL entries correspond to empirical predictions more accurate than the most precise
direct measurements.

fINASEM)/GHz

J K iy < )" K" iny”

AIMARVEL)/GHz

flexpt)/GHz

23.694

23.723

23.870

572.498

1168.452

1214.859

1215.245

1763.525

1763.602

1763.821

1808.936

1810.378

2357.210

2357.727

2358.563

2400.018

2400.578

2402.265

2405.121

2948.411

2948.669

2949.480

Tla<11s

22a<22s

33a+<33s

105s<00a

21s<11a

20a<10s

2la<11s

30s«20a

31s<21a

32s5s<«22a

3la<21s

32a<«22s

41s<31a

425«32a

435<33a

40a+<«30s

41a<31s

42a<32s

43a<33s

505«40a

51s«41a

52s5<«42a

23.694 495 49(21)
23.722 633 32(21)

23.870 129 17(21)

572.498 159 87(24)

1168.452 397(23)

1214.852 942(20)

1215.245 711(23)

1763.524 359(99)

1763.601 227(81)

1763.823 18(13)

1808.934 551(81)

1810.380 00(13)

2357.209 99(10)

2357.728 46(13)

2358.566 19(17)

2400.020 831(99)

2400.578 800(78)

2402.266 00(13)

2405.124 63(17)

2948.395 32(14)

2948.668 64(13)

2949.482 41(16)

23.694 495 49(21) [43]
23.694 496 0(50) [110]
23.722 633 32(21) [43]
23.722 631 0(50) [110]
23.870 129 17(21) [43]
23.870 130 0(50) [110]
572.498 159 93(18) [64]
572.498 159 78(21) [64]
572.498 1(24) [54]
572.498 1(30) [128]
1168.452 394(20) [62]
1168.452 413(51) [81]
1168.451 6(24) [54]
1168.477(26) [128]
1168.480(29) [139]
1214.852 942(20) [62]
1214.852 87(14) [116]
1214.858 6(59) [54]
1214.846(18) [139]
1215.245 714(20) [62]
1215.245 67(18) [116]
1215.245 3(24) [54]
1215.272(27) [139]
1763.524 358(99) [81]
1763.525 2(24) [54]
1763.544(21) [139]
1763.601 219(99) [81]
1763.602 0(24) [54]
1763.823 186(99) [81]
1763.821 4(24) [54]
1763.778(47) [139]
1808.934 564(99) [81]
1808.935 4(24) [54]
1808.936(18) [139]
1808.969(36) [128]
1810.379 971(99) [81]
1810.377 7(24) [54]
1810.369(18) [139]
1810.357(24) [128]
2357.209 920(99) [81]
2357.210 2(24) [54]
2357.199(18) [139]
2357.728 417(99) [81]
2357.726 8(24) [54]
2357.697(33) [139]
2358.566 118(99) [81]
2358.563 2(31) [54]
2358.551(18) [139]
2400.020 831(99) [81]
2400.017 6(34) [54]
2400.024(18) [139]
2400.578 775(99) [81]
2400.578 5(24) [54]
2400.573(18) [139]
2402.266 037(99) [81]
2402.264 8(24) [54]
2402.252(18) [139]
2405.121 3(35) [54]
2405.118(18) [139]
2948.395 304(99) [81]
2048.411(16) [54]
2948.375(21) [139]
2948.668 655(99) [81]
2948.669 3(24) [54]
2948.711(44) [139]
2949.482 400(99) [81]
2949.480 5(24) [54]
2949.457(27) [139]

(continued on next page)
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Table 4 (continued)

fINASEM)/GHz ~ J' K" inv’ < J" K" inv" fIMARVEL)/GHz flexpt)/GHz

2950.815 53s<43q 2950.819 80(13)  2950.819 774(99) [81]
2950.814 6(54) [54]
2950.800(21) [139]
2952.638 366(99) [81]
2952.639 7(24) [54]
2952.632(18) [139]
2989.642 5(24) [54]
2989.641 3(30) [128]
2989.632(18) [139]
2991.555 2(24) [54]
2991.533(26) [139]
2991.527(32) [128]
2994.786 4(73) [54]
2994.780(18) [139]
2994.822(30) [128]
2999.430 1(24) [54]
2999.418(14) [128]

2999.400(33) [139]

2952.640 54s<«44a 2952.638 37(10)

2989.643 5la<41s 2989.641 29(12)

2991.555 52a«42s 2991.557 32(16)

2994.786 53a<«43s 2994.793 39(13)

2999.430 54a<44s 2999.430 81(10)

198 247.689 374(20)

195 865.982 837(20)

(a)
. 22,234 505 83(21) .

2991.555 2(24)

F 22.688 312 0(50) . 2950.819 774(99) . 21.285 275 0(50) !

(02)zs8 v72'898 G614
(02)et L28 7T 861
(02)229 £66'21Z 861
195 274.486 618(20)

2994.786 4(73)

F 332.087 474(56) .

Fig. 5. Highly accurate frequency determinations for lines at 2991.555 [panel (a)] and 2994.786 GHz [panel (b)] NASEM frequencies (see also Table 4). The J K inv rotational
labels within the squares represent rovibrational states, whose (v; vzv’; vff) vibrational labels are indicated in the left-hand-side legend with different colors. Transitions des-
ignated with orange, cyan, gray, brown, green, and purple arrows are results from 88TaEnHi [111], 16TwHaSe [30], 70KuWo [44], 83PoMa [54], 75PoKa [110], and 10YuPeDrSu
[81], respectively. Lines are augmented with their experimental frequencies (in GHz) and the uncertainties of the last few frequency digits given in parentheses. In both
cases (a) and (b), the brown connectors of 83PoMa denote the best available observations for the corresponding transitions. Employing the Ritz principle successively, the
following empirical predictions are derived from the two underlying network paths: 332.087 474 + 195 868.244 852 — 198 247.689 374 + 22.234 505 83 + 198 244.327 123 —
195 865.982 837 + 198 242.993 622 — 195 274.486 618 — 330.171 465 ~ 2991.557 284 and 22.688 3120 + 2950.819 774 + 21.285 2750 ~ 2994.793 361 GHz. These two estimates
can be associated with the uncertainties of /562 + 202 + 202 + 0.212 + 202 + 202 + 202 + 202 + 292 ~ 80 and +/52 + 992 + 52 ~ 99 kHz, respectively. These path-based fre-
quencies, together with the MARVEL-predicted values utilizing the full network information [2991.557 31(11) and 2994.793 39(13) GHz, see Table 4], are at least 10 times
more accurate than the direct brown links of 83PoMa [54]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

. . 330.171 465(29) !

this article.)

ments. The correct designations of these lines would be 2405.125,
2991.557, and 2994.793 GHz, respectively. The origin of the incor-
rect designations can be found in the last column of Table 4. It
would be interesting to see if new, ultraprecise measurements con-
firmed the proposed empirical line positions of this study (see also
Fig. 5).

5. Conclusions

One of the aims of the present study has been a comprehen-
sive revision and extension of previous MARVEL analyses [13,22] of
the measured rovibrational transitions and energy levels of “NHj.
A significant restriction, making the present study drastically dif-
ferent from all previous MARVEL investigations, is that only those
transitions were considered here which involve states with ener-
gies less than 7500 cm~! and our study is also constrained to the
PCs of the experimental SN of ¥NH;. The most notable character-
istics and results of the present investigation can be summarized
as follows:

(1) The final empirical energy list contains 4936 uniquely labelled
states below 7500 cm~!. In a previous similar study [22] the
number of empirical energy levels below 7500 cm~! was 4716.
These two numbers should be compared to about 26 500, the
number of rovibrational energy levels first-principles computa-
tions suggest below the energy cutoff of 7500 cm~1.

(2) While we treated significantly (65%) more transitions and in-
volved 28 new sources during this investigation, compared to
Al-Derzi et al. [22], the number of energy levels increased only
marginally, by 5%. This points toward the need of an improved
design of high-resolution spectroscopic measurements to signif-
icantly increase the utility of new data.

(3) The rovibrational measurements covered in this study in-
volve all possible vibrational bands only up to 4000 cm™!,
the first vibrational band missing is at 4008 cm~!. Further-
more, about half of the vibrational states are missing between
4000 and 6000 cm~!. The situation deteriorates quickly above
6000 cm~!. To remedy this problem requires careful experi-
mental studies of the region above 4000 cm~!, which should
be helped considerably by the results presented here.

(4) The empirical rovibrational levels of ¥NH; form a complete set
up to 2412.7 cm~1.

In the second part of our study we have identified problems
with previous effective Hamiltonian fits associated with floating
components leading to correctly fitted transition frequencies but
erroneous energy levels. We were able to cure this problem by
the judicious use of computed transitions which link the various
floating components with the principal components. This issue is a
general one for systems which have restrictive selection or propen-
sity rules, such as the dominant AK =0 rule in ammonia. Our
procedure, combining network theory and first-principles compu-
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tations, offers a way forward in such situations. In fact, using a
Watson Hamiltonian with terms up to sixteenth order and uti-
lizing carefully chosen and well-characterized artificial transitions
taken from the CoYuTe line list [71] we were able to generate new
effective-Hamiltonian parameters for the ground vibrational state
of NH3;, which predict correct energy levels for this state for lev-
els with K<25. This effort was, in part, undertaken to address
an impasse in the intercomparison of experimental and theoreti-
cal energy levels for ammonia. In addition to improving the ability
of the effective Hamiltonian to predict energy levels, the method
developed here enables the synergetic trust of MARVEL levels that
can reliably compare to computed linelists.

Comparisons with our empirical energies help to validate the
accuracy of the C2018 PES [70] which underpins the CoYuTe line
list. Notwithstanding this comment, the variational nuclear motion
calculations used to generate the CoYuTe line list do not produce
energy levels with the same accuracy as the MARVEL procedure
utilized here. While all the analyses presented in this work which
used CoYuTe data used the original computed energy levels, the
final CoYuTe line list actually replaced these levels with the MAR-
VEL ones from this work where available [71]. Besides the obvious
advantages in terms of improved frequencies, there are a number
of specific reasons for doing this. The ExoMol project [72,73], for
which CoYuTe was created, aims to produce comprehensive line
lists for the characterization of exoplanetary atmospheres. Recently,
Doppler-shift high-resolution spectroscopy has been found to be
a powerful way of detecting molecules on exoplanets [160]. This
technique requires high experimental accuracy for the line posi-
tions. Similarly, the most recent HITRAN database [158] is missing
a significant number of lines in the 4000 — 7000cm~"! region. The
“BARVEL” line list [38] constructed using the previous MARVEL en-
ergy levels and the BYTe line list [67] was found to be insufficiently
accurate for this purpose [158]; hopefully a line list constructed
using the improved CoYuTe intensities and the updated MARVEL
energy levels will prove to be more reliable.

Our study confirms the accuracy of a number of measured lines
relevant for the efforts of international organizations protecting
certain *NHj3 lines under 3 THz [159]. Furthermore, in a few cases
we suggest significantly more accurate frequencies for some of the
lines, supported by the spectroscopic network of the measured
lines.

Finally, the present study was restricted to transition wavenum-
bers below 7500 cm~! (note that the restriction applied was on
the energy levels but this is a direct consequence of our choice).
However, ammonia spectra are important at shorter wavelengths
than this. For example, visible spectra of ammonia are well known
in Jupiter [161]. Recent work has shown that the CoYuTe line list
gives the best available model for this spectrum but that there
is a significant shift in the line positions [162]. A MARVEL-based
study covering these wavelengths would rectify these problems but
would require further laboratory high-resolution spectra recorded
at near infrared and visible wavelengths first.
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