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a b s t r a c t
A new linelist for the A3 –X 3  − electronic transition of NH has been prepared using line positions from
the literature and calculated line intensities. High level ab initio calculations were performed with the
MOLPRO program to obtain the A–X transition dipole moment function. Potential energy curves and line
strengths were calculated with Le Roy’s RKR1 and LEVEL programs. Line intensities and Einstein A values
were calculated with Western’s PGOPHER program after converting the Hund’s case (b) output of LEVEL
to Hund’s case (a) input needed for PGOPHER. The Herman–Wallis effect is included in the Einstein A
calculations of the bands for the levels with v = 0 − 2 and v = 0 − 6.

1. Introduction
The NH radical plays an important role in astrophysics. The
bands of the A3 –X 3  − transition were ﬁrst detected in a laboratory spectrum in 1893 [1]. The ﬁrst astronomical observation
of the NH A–X system was made in the spectrum of the Sun [2].
In 1940, the A–X system of NH was detected in the Comet Cunningham [3]. The A3 –X 3  − transition of NH was ﬁrst recorded in
the interstellar medium in 1991, towards the stars HD 27778 and
HD 24398 and again in 1997 towards the star HD 149757 [4,5]. In
2009, interstellar NH abundances were calculated using the lines of
the A–X system recorded towards the stars HD 149757, HD 170740,
HD 154368 and HD 169454 [6].
NH is also frequently detected in the infrared spectra of cool
stars. The infrared vibration-rotation lines of NH in oxygen-rich
M giant stars, including α Orionis, were analyzed in order to obtain nitrogen abundances [7,8]. In 1986, nitrogen abundances for
six additional stars were calculated using the observed infrared
spectra [9].
In stellar atmospheres, although the formation of N-bearing
molecules is strongly dominated by N2 [10], molecular transitions
are an excellent indicator of N abundances. Despite its dependence
on carbon abundance, the CN molecule in the red and near in-
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frared spectral regions is preferentially used by stellar spectroscopists because a higher stellar signal is obtained.
With the advent of a new generation of spectrographs such as
UVES mounted on the VLT [11], the observation of the short wavelength region of the spectrum has become accessible. Indeed, the
A–X transition of NH has been observed in stars and notably in
metal-poor stars [12,13]. Spite et al. [13] noticed a systematic discrepancy in the N abundance derived from NH compared to the
value derived from CN. They suspected that the NH A–X linelist
needed revision, which we provide in the present paper.
The assignment of the 0–0 and 1–1 bands of the A–X system was carried out in the 1930s from emission spectra [14]. In
1959, the 0–0 and 1–0 bands were recorded in absorption [15] and
in 1966 and 1970 several additional bands were analyzed [16,17].
In 1986, the A–X system of NH was measured with a precision
of ± 0.0 0 02 cm-1 for the 0–0, 1–1, 2–2, 0–1, 1–2, 1–0 and 2–1
bands [18]. These measurements improved on the previously available line positions by more than two orders of magnitude. The
vibration-rotation lines in the infrared region were re-analyzed using solar spectra as well as IR laboratory spectra [19,20].
The A3 –X 3  − system recorded by Brazier et al. [18] used a
copper hollow cathode discharge of helium with added nitrogen
and hydrogen. The A–X spectrum was recorded with the Fourier
transform spectrometer associated with the McMath-Pierce Solar
Telescope of the National Solar Observatory at Kitt Peak [18].
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Fig. 1. Calculated transition dipole moment function for NH A3 –X 3  − compared with the TDMF calculated by Owono et al. [29].

Table 1
Equilibrium constants for A3  and X 3  − States of NH
(cm−1 ).

2. Method
2.1. Experimental data
A3 

X 3−

The spectroscopic constants for
and
states were obtained from Ram and Bernath [20] based on Brazier et al. [18] for
the A–X transition and Ram et al. [19] for the infrared vibrationrotation and pure rotation lines. The X state constants from Ram
and Bernath [20] were also used by Brooke et al. [21] for the
vibration-rotation line intensity analysis. The Brazier et al. A–X
spectrum [18] will be used for comparison with our new linelist.
We do not include 15 NH in our analysis because it was not detected in the spectrum of Brazier et al. [18].

Constant

X 3 −

A3 

De
Te

29,030
–
3282.220(15)
78.513(15)
0.1341(61)
−0.0066(11)
16.667704(29)
0.649670(91)
−0.001674(71)
−0.0 0 0 067(25)
−0.0 0 0 0633(24)

18,465.5
29,790.5
3231.70
98.48
–
–
16.681963(8)
0.712880(35)
−0.016160
–
–
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ω e xe
ω e ye
ω e ze
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2.2. Transition dipole moment function calculations

MOLPRO 2012 [22] was used to perform ab initio calculations

of the transition dipole moment function of the A3 –X 3  −
transition. To calculate the transition moment, the multireference
conﬁguration interaction (MRCI) method was used with the augcc-pwCV5Z basis set. The wavefunctions utilized for the MRCI
calculations were obtained from state-averaged CASSCF (Complete
Active Space Self-Consistent Field) calculations with the A3  and
X 3  − states having equal weights. All the electrons were included
in the correlation treatment. The active space included the 2-5a1 ,
1-2b1 , 1-2b2 and 1a2 orbitals in the C2v point symmetry group
used by MOLPRO. The TDMF (transition dipole moment function)
points were calculated for internuclear distances between 0.7 Å
and 2 Å in steps of 0.02 Å as expectation values. The calculated
TDMF is provided as supplementary data.
2.3. Potential functions
The potential energy curves of the A3  and X 3  − states were
calculated employing Le Roy’s RKR1 program [23]. The RKR1 program produces classical turning points of the potential energy
curves using the ﬁrst order semi-classical Rydberg–Klein–Rees procedure. The RKR1 program requires vibrational and rotational constants as the input in order to perform the calculations. The molecular constants required for the X 3  − state were obtained from
Ram and Bernath [20] and for the A3  state from Brazier et al.
[18] (Table 1). The dissociation energy for the ground state (D0 =
27, 409 ± 13 cm-1 ) was obtained using the enthalpy of formation
of N, H and NH at 0 K from the Active Thermochemical Tables
[24] and for the excited state using a thermochemical cycle (D0 =

16, 874 ± 13 cm-1 ). The error in the dissociation energy was calculated by propagation of the errors in the enthalpies given in the
tables.
2.4. Transition dipole moment matrix elements and the
“Herman–Wallis effect”
The calculated potential energy curves (Fig. 2) were used
as input for Le Roy’s LEVEL program [25]. The LEVEL program generates vibrational wavefunctions by solving the 1-D
Schrödinger equation and then uses them with a speciﬁed transition dipole moment function (TDMF) to calculate transition dipole
moment matrix elements (TDMMEs). LEVEL does not include electron spin in its calculations which corresponds to Hund’s case
(b). In LEVEL the total angular momentum quantum number
−
→ −
→ −
→
J ( J = N + S ) is actually the quantum number N (total angular momentum except electron spin) [25]. The matrix elements
provided by LEVEL include the rotational dependence that originates from the J-dependent centrifugal term in the 1-D vibrational Schrödinger equation (i.e. the vibrational wavefunctions depend on J). These TDMMEs are transformed into Hund’s case (a)
using the method of Brooke et al. [21] and then input into Western’s PGOPHER [26] to calculate the linelist.
When a diatomic molecule is rotating, it increases its bond
length as a result of the centrifugal force [27]. Therefore the vibrational wavefunctions of the molecule change due to rotation and
this affects the molecular properties. In particular, infrared line intensities can no longer be separated into a vibrational part times
a Hönl-London factor [28]. This mechanical effect of the vibration-
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Fig. 2. Calculated RKR potential curves of the A3  and X 3  − states for NH.

rotation interaction on line intensities is called the “Herman–Wallis
effect” [27]. Einstein A calculations were done using PGOPHER including the J-dependent TDMMEs. PGOPHER calculates line intensities using the equations [28]:

16π ν Sη J ηJ
Aη J −→ηJ =
30 hc3 (2J  + 1 )
3 3

(SI Units)

Aη J −→ηJ = 3.13618932 × 10−7


ν 3 Sη  J  η J

( 2J  + 1 )

Table 2
Comparison of the radiative lifetimes of the vibrational levels of the
A state.
v

τ (ns)

Ref.

0

388
449
453 ± 10
440 ± 15
390 ± 40
436
484
488 ± 10
414 ± 6
390 ± 40
420 ± 35
511
520

This
[30]
[35]
[36]
[37]
This
[30]
[35]
[38]
[37]
[36]
This
[30]

(1)

.

(2)

Line strength Sη J ηJ in Eq. (2) is in debye squared, Aη J −→ηJ is in
s−1 and 
ν is in cm−1 .
The calculated linelist is provided as supplementary data. All
of the bands for v = 0–2 and v = 0–6 are included for v ≤ 4;
0–5, 0–6, 1–6 bands were not included as the Einstein A values
are probably not reliable because of numerical problems in the
LEVEL calculations. For each band, J was limited to about 5 J
values beyond the highest observed value.
3. Results and discussion
3.1. Transition dipole moment function
The transition dipole moment function (TDMF) calculated in
this study was compared with the TDMF available in the literature
calculated by Owono et al. [29]. Owono et al. [29] carried out
the calculations by using the aVTZ basis set and the orbitals
needed for the conﬁguration interaction (CI) were obtained by the
CASSCF method. The CASSCF wavefunctions were then used for
the MRSD-CI (multireference single and double excitation conﬁguration interaction) routine to include electron correlation [29]. Our
calculations used a larger basis set (aug-cc-pwCV5Z) and more extensive electron correlation than Owono et al. [29]. Our transition
dipole moment function deviates from that of Owono et al. [29] for
values greater than 1.5 Å, but in general, our TDMF agrees with the
Owono et al. [29] TDMF (Fig. 1). (The polarity of the Owono et al.
[29] TDMF was changed in order to compare with our TDMF.)
Our TDMF was also compared with the TDMF calculated by
Song et al. [30] and they are in good agreement. (Since Song et al.
[30] do not provide numerical points for the TDMF, the comparison
was done with the published ﬁgure.)

1

2

study
(Calc)
(Exp)
(Exp)
(Exp)
study
(Calc)
(Exp)
(Exp)
(Exp)
(Exp)
study
(Calc)

3.2. Einstein A coeﬃcients and lifetimes
The calculated lifetimes and Einstein A coeﬃcients in this study
were compared with experimental and theoretical values available
in the literature as listed in Tables 2 and 3. A large Herman–Wallis
effect was observed in the ground state as calculated by Brooke
et al. [21]. In order to estimate the Herman–Wallis effect in the
A–X transition, two sets of line strengths were calculated with
and without including the Herman–Wallis effect. The line strengths
without the Herman–Wallis effect were calculated with PGOPHER
by using a single band strength (P(2) from the output of LEVEL)
and the line strengths with the Herman–Wallis effect were calculated by using the J-dependent TDMMEs.
Since the experimental emission spectrum [18] does not have a
well deﬁned temperature, our line strengths cannot be compared
directly with the observations. For comparison purposes, the ratio
of r R3 (J  ) and p P3 (J  + 2 ) lines of the same upper state J values
were calculated, in order to cancel the effect of the excited state
population in line intensities. These two sets of ratios were then
compared with each other and then also with the ratios calculated
from the experimental spectrum of Brazier et al. [18].
The r R3 (J  )/p P3 (J  + 2 ) ratios of the 0-0 vibrational band were
calculated up to J =25. For the lower J values, the percentage difference between the r R3 (J  )/p P3 (J  + 2 ) ratios calculated with and
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Fig. 3. Comparison between the observed spectrum of the Sun (black dotted line) and their respective syntheses with
and without
the linelist presented in
. (For interpretation of the references to color in this ﬁgure legend, the
this work as well as the former linelist from Kurucz (http://kurucz.harvard.edu/molecules/)
reader is referred to the web version of this article.)

Table 3
Einstein A coeﬃcient comparison.

3.3. Spectral validation

Band(A–X)

Av v (×107 s−1 )

Ref.

0–0

0.254
0.260
0.2522
0.226
0.005870
0.005781
0.006425
0.007484
0.218
0.226
0.2169
0.291
0.0 0 0 03
0.0 0 01
0.0139
0.0116
0.181
0.193
0.220

This study
[29] (Calc)
[39] (Calc)
[36] (Calc)
This study
[29] (Calc)
[39] (Calc)
[40] (Calc)
This study
[29] (Calc)
[39] (Calc)
[41] (Calc)
This study
[29] (Calc)
This study
[29] (Calc)
This study
[29] (Calc)
[42] (Calc)

1–0

1–1

2–0
2–1
2–2

without including the Herman–Wallis effect is about 0.5% and for
the higher J values, the ratios are between 1% and 2.5%. In general, the percentage ratios measured from the observed [18] and
the calculated spectra are also in good agreement (about 15% discrepancy) and the Herman–Wallis effect in the electronic transition
is small.

In order to validate the results, two observed astronomical
spectra were used. In the Fig. 3, the observed spectrum of the solar photosphere is compared to a synthetic spectrum calculated
with the new linelist. The spectra are from high resolution and
high signal-to noise observations by Neckel [31]. There is very good
agreement with the solar spectrum testifying to the high quality of
our linelist.
While a solar N abundance of 7.78, as employed in this 1D-LTE
synthesis, appears consistent with other N indicators [32], a comprehensive 3D model of the solar photosphere is required to conﬁrm this value using our linelist.
In Fig. 4, a spectrum of the nitrogen-rich metal-poor star
HD196944 obtained with the blue arm of the UVES spectrograph
is presented. Concerning the overlaid synthesis, the parameters for
this metal-poor star have been adopted from Masseron et al. [33].
In particular, the N abundance has been obtained by Masseron
et al. [33] by using CN transitions. Fig. 4 demonstrates that there
is now very good agreement with the N abundance obtained from
the CN lines in contrast to the value obtained with the previous NH linelist. Therefore, we conclude that the problem of the
N abundance discrepancy between CN and NH indicators as raised
by Spite et al. [13] is now solved with our new NH linelist.
3.4. Lifetimes and Einstein A comparison
The lifetime of an excited rovibronic level depends on the radiative emission to all lower states and the non-radiative decay due
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Fig. 4. Comparison between the observed stellar spectrum of the metal-poor star HD196944 (black dotted line) and their respective syntheses with
and without
the linelist presented in this work as well as the former linelist from Kurucz (http://kurucz.harvard.edu/molecules/)
. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 4
A portion of the linelist.
v

J

N

Sym

v 

J 

N 

Sym 

Position (cm−1 )

f-value

Av v (s−1 )

Branch

0
2
1
1
2
2
1
2
2
2
0
2
2
0
2
1
2
1
1

0
11
5
5
12
3
6
4
4
9
3
9
9
1
10
3
10
3
3

1
11
5
5
11
4
5
5
5
10
2
10
10
1
10
4
10
4
4

e
f
f
f
e
e
e
f
f
e
e
e
e
f
f
e
f
e
e

0
2
1
1
2
2
1
2
2
2
0
2
2
0
2
1
2
1
1

1
10
5
4
11
2
5
4
3
10
2
8
9
1
10
4
9
2
3

0
10
4
4
10
1
4
3
3
9
1
9
9
0
9
3
9
3
3

e
f
e
f
e
e
e
e
f
e
e
e
f
e
e
e
f
e
f

29826.9444
29826.6657
29826.1839
29825.0871
29822.8867
29816.1540
29814.7189
29811.6183
29810.6036
29809.9762
29809.8176
29809.1619
29808.6222
29807.2843
29806.4612
29805.1718
29805.1072
29805.0871
29804.1443

0.0 0 09454
0.0016010
0.0 0 03161
0.0020780
0.0016190
0.0 0 0 0 0 03
0.0 02320 0
0.0 0 0 0 045
0.0 0 0 0435
0.0 0 0 0 0 05
0.0034430
0.0016770
0.0 0 0 0695
0.0027230
0.0 0 0 0719
0.0 0 0 0176
0.0016290
0.0022630
0.0 0 04592

1,683,060
867,477
187,576
1,008,750
883,903
137
1,163,823
2662
20,045
295
1,457,625
889,531
41,212
1,613,856
42,585
13,388
873,561
958,018
272,098

r

to predissociation [30]. In this study, the lifetimes in the A3  excited state were calculated without taking predissociation into account. But, in general, our lifetimes are in good agreement with the
values available in the literature (Table 2). Einstein A values were
calculated for several vibrational bands and compared with values
available in the literature, and they are in agreement (Table 3).
It is diﬃcult to estimate the error in the NH Einstein A values obtained by ab initio calculations except by analogy with sim-

P31 (1)
R2 (10)
r
Q21 (5)
r
R2 (4)
r
R1 (11)
t
R31 (2)
r
R1 (5)
s
Q31 (4)
s
R32 (3)
r
P31 (10)
r
R1 (2)
r
R3 (8)
r
Q32 (9)
r
Q21 (1)
r
Q21 (10)
r
P31 (4)
r
R2 (9)
r
R3 (2)
r
Q32 (3)
r

ilar calculations for a system such as OH+ with more information.
An error analysis was carried out by Hodges et al. [34] for the
A3 –X 3  − system of isoelectronic OH+ and, based in part on astronomical observations, and the error was estimated to be about
10%. We can expect a similar error for the NH A–X system as well.
The experimental lifetimes in the literature for v = 0 and 1 differ by signiﬁcant amounts (Table 3). It is not clear which values
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should be used to calibrate the line intensities so we recommend
that our values, based on theory alone, be used.
4. Conclusion
A new linelist for the NH A–X transition has been generated.
The line intensities were obtained with a dipole moment function calculated ab initio with a large basis set and with extensive electron correlation. The calculated line intensities included
the Herman–Wallis effect. In contrast to the infrared bands, the
Herman–Wallis effect is small for the A–X transition. Two astronomical spectra were used for the validation of the results and the
calculated spectra are in good agreement with the observed spectra. The Einstein A values and lifetimes were compared with values
available in the literature and they are generally in good agreement.
(A portion of the linelist is given in the Table 4. The complete
linelist is provided as an ascii supplementary data ﬁle. The linelist
includes e/f parity, the quantum numbers J, N and v for each state,
line positions, oscillator strengths and Einstein A values.)
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