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ABSTRACT

Linelists for the ammonia molecule and its three deuterated variants NH,D, ND,H, and NDjs are built taking hyperfine quadrupole coupling
effects into account. For each hyperfine component, the line frequency, the line intensity, and the lower level energy are calculated.

Key words. molecular data — catalogs — radio lines: ISM

1. Introduction

The molecular hyperfine structure of microwave transitions is
a powerful way to identify the presence of saturation effects in
an astronomical spectrum. Indeed, the intensity ratios of var-
ious hyperfine components is well known, as it is tabulated
in basic molecular spectroscopy books (Townes & Schawlow
1955), and it provides an efficient test of optically thin transi-
tions. However, this knowledge is available only for a restricted
number of molecules, amongst which nitrogen molecules such
as CN, N,H*, HCN play an important role. The recent astro-
physical detection of NH,D (Tiné et al. 2000), ND,H (Roueff
et al. 2000; Lis et al. 2005, 2006), and ND5 (Lis et al. 2002;
van der Tak et al. 2002; Roueff et al. 2005) at an unprecedented
level has prompted us to consider the various deuterated iso-
topologs of ammonia.

Nitrogen-containing molecules display a strong quadrupole
coupling arising from the nitrogen atom and leading to split-
tings of the microwave lines on the order of 2 MHz (Kukolich
& Wofsy 1970). The observation of such splittings is straight-
forward considering the present capabilities of radio astronom-
ical techniques, and the individual hyperfine components may
indeed be resolved in cold dense clouds and pre-stellar clouds
such as L 134N, L 1544, L 1689, and B 1 (Pagani et al. 2003,
2004, 2005; Lis et al. 2006) where linewidths on the order
of 0.3 kms™! are found. It is also valuable to account for the
different hyperfine components of a particular transition in a re-
gion with larger turbulent velocities so as to reconstruct the

* Tables 811 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/449/855
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whole profile. This also justifies calculation of the quadrupole
coupling hyperfine structure of nitrogen-containing molecules
and of the deuterated isotopologs of ammonia.

The present paper is concerned with a calculation of the
rotational spectra of ammonia and its three deuterated iso-
topologs, accounting for the hyperfine coupling effects. The
molecules being considered are the ammonia molecule NH;
and its deuterated variants NH,D, ND,H, and NDj3. These
four species can either be found in the CDMS (Miiller et al.
2001) or in the JPL (Pickett et al. 1998) data bases. However,
except for NH,D and ND3 and only for low J-values for the
latter molecule, the spectroscopic data available do not include
information on hyperfine effects.

2. Spectroscopic calculation

2.1. Rovibrational wavefunctions, line frequencies,
and line intensities

The four molecules dealt with display an inversion large-
amplitude motion leading to a tunneling splitting of their vi-
brational states. The lower and upper tunneling sublevels aris-
ing from the ground vibrational state are labeled Os and Oa,
respectively.

For the two symmetrical species NH; and NDs, the
molecule-fixed xyz-axis system is attached to the molecule so
that the z-axis is parallel to the c-axis, which is the 3-fold sym-
metry axis. For the two asymmetrical species, the y-axis is par-
allel to the b-axis in the case of NH,D and to the a-axis in the
case of ND,H. The x- and z-axes are attached to the molecule,
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making the same choice as Cohen & Pickett (1982). The angle
between the c- and z-axes is a few degrees.

For the symmetrical as for the asymmetrical species, cou-
pling between the overall rotation and the inversion large am-
plitude motion leads to a mixing of the Os and Oa tunnel-
ing sublevels. For a rotational-tunneling level n, characterized
by a total value J of the rotational angular momentum, the
rotational-tunneling wavefunction ¥, assumes the following
expression

W) = @ik ).k a)l0s) + Y al(J. k. a)lJ. k. a)l0a) (1)
k. kya

where a’(J, k, @) and ali(J, k, @) are numerical coefficients, and
where |/ k, ), with 0 < k < J and @ = x1, are Wang-type
linear combinations of symmetric top-rotational functions. For
k>0, Lk ay = [I1.k) + all, -]/ V2; for k = 0, |/, k,a) =
|/, 0). In the case of the symmetrical species NH3 and ND3, the
tunneling sublevel mixing arises because of a distortion term
in the effective rovibrational Hamiltonian (Fusina et al. 1985).
In the case of the asymmetrical species NH,D and ND;H,
this mixing is due to a zeroth-order term in the rovibrational
Hamiltonian (Cohen & Pickett 1982).

For all four species, energy levels were computed in or-
der to obtain partition functions as well as transition frequen-
cies. These calculations are based on fits to already available
data. For NH3, the partition function was evaluated by refitting
the far-infrared data of Poynter & Margolis (1983) and setting
the constants Dy, W Hy, “Lk, 73/, 16, and @ to the values
published by Urban et al. (1983). Calculation of the rotational
spectrum is based on a fit of a more accurate data set involving
the far-infrared data of Poynter & Margolis (1983) and the mi-
crowave data of Poynter & Kakar (1975) and Helminger et al.
(1971). For the other isotopic species, the same calculation
was used for evaluating the partition function and for predict-
ing the rotational spectrum. For ND3, the microwave data re-
ported by Helminger & Gordy (1969), Helminger et al. (1971),
and Fusina & Murzin (1994) were refitted, along with the far-
infrared data of Fusina et al. (1985). For NH,D and ND,H, the
spectroscopic data measured by De Lucia & Helminger (1975),
Cohen & Pickett (1982), and Fusina et al. (1988) were reana-
lyzed. For all four species, rotational-tunneling energies and
wavefunctions, that is, the coefficients appearing in Eq. (1),
were obtained for both tunneling sublevels.

Line strengths were calculated assuming constant values
for the dipole moment matrix elements. For NH; and NDj,
only one matrix element is needed: ¢ = (Os|u;|0a). Its value
was taken from Marshall & Muenter (1981) and Di Lonardo
& Trombetti (1981) for NH3; and NDj3, respectively. For the
asymmetrical species NH,D and ND,H, the matrix elements
w3 = (0sluxl0s)y and p4* = (Oalus|Oa) are also required (Job
et al. 1987). For these two species these matrix elements were
taken from Cohen & Pickett (1982). Table 1 gives the values
used for all dipole moment matrix elements.

Partition functions were computed for several tempera-
tures. The degeneracy factors used account for the equivalent
hydrogen or deuterium atoms and include the (2J + 1) fac-
tor. Table 2 gives the values obtained for the partition func-
tions. For all four species, a zero value was taken for the
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Table 1. Numerical values, in Debye, used for the dipole moment
components matrix elements in the line-intensity calculation.

NH; NH,D  ND,H ND;
e 1.471 1.465 1.482 1.497
wS = 0.0 ~0.184 0.211 0.0

Table 2. Numerical values for the partition functions listed for several
values of the temperature 7 in Kelvin.

T/K NH; NH,D ND,H ND;
9.375 5.079 8.488 8.653 35.285
18.750  10.914 21.638 22.355 89.427
37.500  27.192 58.190 60.523  242.556
75.000  74.004  160.547  167.583  673.209
150.000 206352  448.987  469.586  1888.115
225.000 378.533  825.129  864.978  3485.304
300.000 587.191  1283.341  1350.478  5462.490

Table 3. For NH; and NDs, rotational-tunneling quantum numbers,
symmetry species in D, energy values in cm™!, and statistical
weights up to J = 2.

NH; ND;
J K v r E g E g
0 0 Os Al 0.0 0 0.0 10
1 0 0Os Al 19.8899 12 10.2847 3
1 1 Os E” 16.1723 6 82672 24
2 0 0Os Al 59.6493 0 30.8494 50
2 1 0Os E” 55.9381 10 28.8333 40
2 2 0Os E 44.7945 10 22.7851 40
0 0 O0a AY 0.7934 4 0.0531 1
1 0 0a  AY 20.6733 0 10.3375 30
1 1 Oa E 16.9627 6 83202 24
2 0 0a  AY 60.4130 20 30.9015 5
2 1 Oa E’ 56.7086 10 28.8857 40
2 2 0a E” 45.5858 10 22.8382 40

energy of the Os levels when J = 0. Contributions from the la
and 1s states were included. For the symmetrical species NH3
and ND3, rotational levels, their symmetry species, and the sta-
tistical weight used in the calculation are listed up to J = 2 in
Table 3. For the asymmetrical species NH,D and ND,H, the
same quantities are listed in Table 4. In both tables, statistical
weights are also given including the two contributions men-
tioned above.

2.2. Hyperfine-coupling Hamiltonian and energies

The quadrupole coupling Hamiltonian W used here is the
equivalent operator arising when only AJ = 0 matrix elements
are sought (Hougen & Oka 1981; Aliev & Hougen 1984):

F(,J) 2)

W =eQ {Z Gop Jodg
aB
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Table 4. For NH,D and ND,H, rotational-tunneling quantum num-
bers, energy values in cm™!, symmetry species in C,,, and statistical
weights up to J = 2.

NH,D ND,H
Jk. k. \% E r g E r g
Ooo 0Os 0.0 Ay 1 0.0 Ay 2
lo1 0Os 11.1018 A, 3 9.0971 By 3
11 0Os 14.3725 By 9 11.1915 A, 6
Lo 0Os 16.0925 B, 9 127962 B, 3
20 0Os 327820 A 5 26.6565 A, 10
212 0Os 348518 B, 15 277797 B, 5
21 0Os  40.0099 B 15 325913 A, 10
21 Os 49.8154 A, 5 38.8689 B 5
220 0s  50.3348 A 5 395018 A, 10
0Ooo Oa 0.4059 B, 3 0.1707 B, 1
1oy Oa  11.5063 B, 9 9.2677 A 6
11 Oa 147761 A, 3 11.3600 B, 3
Lo Oa 16.4932 A, 3 12.9640 A, 6
20 0a  33.1852 B, 15 26.8270 B 5
21 Oa 35.2555 A, 5 279487 A, 10
21 Oa  40.4051 Ay 5 327584 B, 5
251 O0a 50.2077 B, 15 39.0294 A, 10
220 Oa  50.7258 B, 15 39.6623 B, 5

where « and 8 run over the molecule-fixed coordinates x, y, z,
the symbol e denotes the electronic charge, Q is the nuclear
quadrupole moment, g. is the electric field gradient tensor,
Jo are components of the rotational angular momentum J, and

[3- 0%+ 31-0 - P77
QI - DJJ + DQ2J - 1D2JT+3)]°
I being the nuclear spin operator and / the corresponding quan-
tum number. Taking the coupling scheme F = I + J, where F
is the total angular momentum characterized by the quantum
number F such that |/ —I| < F < J+1, Eq. (2) allows us to ob-

tain a closed-form expression of the hyperfine energy E(F,n)
of the rotational-tunneling level n

E(F,n) =
(eQg)n
2121 - 1)J(2J - 1)
where C = F(F+1)-1(I+1)—-J(J+ 1), and (eQgq,), is a con-

stant term depending only on the rotational-tunneling quantum
numbers

(€Qq)n = (V1 > €Qdup Jupl W)
af

F(I,J) = 3)

[%C(C +D)-II+1)JJ+1) “4)

2

J+DH2J+3) )

This matrix element is evaluated by assuming that the electric-
field gradient tensor has the following matrix elements
(0sleQqapl0s) = (0aleQqqpl0a) = xop and

(0sleQqapl0a) = 0 (6)

where y,s are the components of the zero-trace effective
quadrupole coupling tensor. The values used to build the data
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Table 5. Numerical values in MHz for the diagonal components of
the effective quadrupole coupling tensor. In the case of NHj3, the J-
and K-dependence of these components was also taken into account
(Hougen 1972).

Xoa NH; NH,D ND,H ND;
Xxx 2.04482 1.903731 1.815002 2.041
Xy 2.04482 2.044097 2.045000 2.041
X  —4.08965 3947828  -3.860002 —4.083

bases are given in Table 5. For NH3, they were obtained from
Hougen (1972). For NH,D these values were obtained by fit-
ting the hyperfine splitting reported by Cohen & Pickett (1982).
For ND;H, they were obtained from the results reported by
Garvey et al. (1976). At last, for NDs3, they come from the re-
sults of van Veldhoven et al. (2002).

Computing the hyperfine components intensities requires
calculating their line strengths. For the hyperfine com-
ponents between the [n'J'F’) and |[nJF) levels, the line
strength S (n’J'F’, nJF) is the square of the electric dipole mo-
ment matrix elements, summed over the degenerate magnetic
states of the transition

S (n'J'F',nJF) = Z [CaNTA
My Mgy

ty In, J, F, MgY? (7)

where u, withy = X, Y, and Z are the components of the dipole
moment in the laboratory-fixed axis system. In agreement with
Thaddeus et al. (1964), the strength of the hyperfine component
is expressed with S(n’J’,nJ) that of the rotational-tunneling
transitions using

SWJF ,nJF) =
2

SmJ,nl). (8)

QF +1)Q2F + 1)’{{ IJ; FJ/}

3. Generating the linelists

The linelists were built by calculating the frequencies of the al-
lowed rotational-tunneling transitions characterized by a lower
and an upper rotational quantum number J smaller than 8.
It was not deemed necessary to consider a higher maxi-
mum J-value as the hyperfine splittings decrease with J, and
the relative intensities of the hyperfine components become
large (Townes & Schawlow 1955). For all allowed rotational-
tunneling transitions, integrated intensities were calculated
in nm? MHz units at 300 K using the results given in Tables 1
and 2. Just as in the JPL (Pickett et al. 1998) data bases, the se-
lected transitions are those with an intensity in nm? MHz units
at 300 K larger than

where v is the frequency in MHz, and LOGSTRO and LOGSTR1
are two constants. For all four species, Table 6 lists the val-
ues used for these two constants. For NH3, rotational-tunneling
transitions with AK > 0 having a sufficient intensity with
Eq. (9) were nonetheless excluded from the data base, as their
frequencies could not be predicted with sufficient accuracy.
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Fig. 1. For two Q-type transitions, calculated hyperfine patterns plotted for NH,D. Numbers on the x-axis correspond to frequencies in

MHz units. A Gaussian line-shape was assumed for the hyperfine components with a half width at half height of 0.010 MHz =~ 0.035 km s

-1

Due to the different J-values, the pattern on the left (right) spans a frequency range of 4 MHz ~ 14 kms™! (0.5 MHz ~ 1.8 kms™!).

Table 6. Numerical values, for the parameters used to calculate the
intensity cutoff in Eq. (9).

NH; NH,D ND,H  ND;
LOGSTRO  -15.2 -95 -9.0 93
LOGSTRI -11.0 -7.0 -7.0 -6.3

In many cases, calculated frequencies were replaced for
all four species by their observed values. For NH3, all cal-
culated frequencies were replaced by their observed values.
For AJ = O transitions and the J = 1 « 0 transition, for
which there are accurate microwave data, this leads to smaller
changes than 12 kHz. For the higher frequency J + 1 « J tran-
sitions with J > 1, for which observed frequencies can only
be retrieved from the FIR wavenumbers reported by Poynter
& Kakar (1975), this leads to changes as large as 22 MHz.
Because the normal species of ammonia is a light molecule for
which distortion effects are important, we believe that observed
frequencies for these R-type transitions are more accurate than
calculated ones. For NH,D, ND,H, and NDs, calculated fre-
quencies were replaced by their observed values, but only for
those transitions for which accurate microwave frequencies
are available. For these three species, this leads to frequency
changes that are smaller than 1 MHz. For all four species, un-
certainties in the calculated frequencies were retrieved from the
analyses described in Sect. 2. When this calculated value was
smaller than 10 kHz, the uncertainty was set to 10 kHz. For
transitions for which the calculated frequency was replaced by
the the observed one, the uncertainty quoted by the authors was
used.

For the selected rotational-tunneling transitions, hyperfine
components frequencies and intensities were then calculated
using Egs. (4) and (8) and Table 5. Figure 1 shows calculated
hyperfine patterns for two Q-type transitions, as obtained from
the linelist built for NH,D. Hyperfine effects are greater for the
transition characterized by a smaller J-value.

A comparison was carried out of the present linelists with
those available in the CDMS (Miiller et al. 2001) data base
for NH,D, ND,H, and NDj3 and in the JPL (Pickett et al. 1998)
data base for NH3. For NH;D and NDs, for which hyperfine
effects are taken into account in the CDMS (Miiller et al. 2001)
data base, the frequency and intensity of hyperfine components
were compared. For the other two species, the frequency and

Table 7. For each species, the largest values, in MHz, of the difference
between the frequencies calculated in this work and those available
from either the CDMS (Miiller et al. 2001) or the JPL (Pickett et al.
1998) data bases. The column headed “Positive difference” (“Negative
difference”) gives the largest differences with a positive (negative)
value. The column headed “rms” gives the root mean square devia-
tion of this difference.

Species Positive difference Negative difference rms
NH; 0.12 —-0.15 0.07
NH,D 1.19 -2.31 0.52
ND,H 8.10 -10.89 1.91
ND; 0.11 -0.51 0.19

the intensity of rotational-tunneling transitions were compared.
Table 7 summarizes the results for the comparison of the fre-
quencies. In this table, the highest values of the difference for
each species between the frequency calculated in this work and
those calculated in either the CDMS (Miiller et al. 2001) or
the JPL (Pickett et al. 1998) data bases are given. Positive and
negative difference values appear, and the root mean square de-
viation of this difference is also given. The discrepancies be-
tween the present linelists and those available from the CDMS
(Miiller et al. 2001) or the JPL (Pickett et al. 1998) data bases
stem from the fact that the frequency calculations are based
on analyses of different data sets. For the intensities, the com-
parison shows that the line intensities calculated in the present
work are within 5% from those of either the CDMS (Miiller
et al. 2001) or the JPL (Pickett et al. 1998) data bases.

For NH3, NH,D, ND,H, and ND3, the linelists are given re-
spectively in Tables 8—11, which are available at the CDS. Each
table is formatted as the catalog line file of the JPL (Pickett
et al. 1998) data base, so they have 10 columns. The first, sec-
ond, and third columns contain the line frequency in MHz, the
error in MHz, and the base 10 logarithm of the line intensity
in nm2 MHz at 300 K. The fourth, fifth, and sixth columns
give the degrees of freedom of the rotational partition func-
tion, the lower state energy in cm™!, and the upper state de-
generacy, respectively. The seventh and eighth columns con-
tain tag numbers. At last, the ninth and tenth columns contain
quantum numbers for the upper and lower states, respectively.
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