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Abstract

We present a theoretical evaluation of collision induced effects on a few typical doublets in the ν4 band of ammonia perturbed
by argon. Quantum dynamical calculations performed on two NH3-Ar potential energy surfaces provide pressure broadening and
intradoublet generalized cross sections. From these calculations we derive thermally averaged values at various temperatures. The
intradoublet coupling terms at room temperature are found to be in good agreement with available data in the literature. In addition,
we study the speed dependence of the pressure broadening and intradoublet coupling coefficients. The former show a usual speed
dependence, quite important, but the later show a weak speed dependence at least around 296 K and above.
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1. Introduction

The last decades have seen a large number of studies devoted
to the interaction of ammonia with argon. Several potential
energy surfaces were produced, that allow the calculations of
differential and integral cross sections, of the heterodimer spec-
tra, and the comparison with experimental data, (for a review
see [1–3]). The perturbation of the monomer spectra of NH3
surrounding by argon led to numerous studies (for a review see
[4, 5]), most of them being devoted to the collisional broadening
and shift of rovibrational lines. A few studies were also devoted
to the overall band perturbation due to line mixing [6–9]. Since
the pioneering works of Baranger [10, 11] on overlapping lines
and in particular of Ben Reuven [12] on ammonia inversion
doublets, a special attention has been paid to couplings between
such lines. Following the latter, quite recently a renewed inter-
est of line mixing in symmetric top spectra has been the subject
of theoretical works based on semi-classical methods [13–18].
If the speed dependence of the line broadening and shift coef-
ficients is nowadays commonly included in various line shape
models [4, 5], the speed dependence of off-diagonal relaxation
matrix elements that lead to line couplings is disregarded [19].
In 2021, Boulet et al [20] have suggested that this effect could
be detected in some doublets of the ν4 band of ammonia in ar-
gon. However in the absence of any theoretical prediction, that
study was based on the assumption that the speed dependence
of the coupling between the two components of a doublet was
identical to that of the width and could be modeled by hyperge-
ometric or quadratic laws.
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In the present paper, performing quantum dynamical calcu-
lations on two different potential energy surfaces (PESs) [1, 21]
we determine some generalized spectroscopic cross sections
and more particularly the 2x2 W relaxation matrix elements for
some PP( j, k) doublets of the ν4 band. We believe that this is
the first ab initio tentative simulation of intradoublet line cou-
plings as well as of their speed dependence. The magnitude
of the reported intradoublet relaxation matrix elements are in
overall good agreement with previously determined ones either
experimentally or semi-empirically [6, 9] at room temperature.
While the speed dependence of the pressure broadening coef-
ficients is well pronounced and can be indeed represented by
either the hypergeometrical function derived from classical or
semi-classical methods [22–24] or the ad hoc [25] quadratic
function adopted by the HITRAN database [26] this is not at
all the case for the off-diagonal (intradoublet) relaxation matrix
elements. Moreover, the speed dependence of the later is found
to be small precluding their experimental determination at least
at room temperature.

Section 2 of this paper describes the followed methodology.
We first briefly describe and compare the PESs used. Then we
remind the reader the rotational energy level structure and the
rotation-inversion basis. Expressions of the generalized spec-
troscopic cross sections are given in Sec. 2.3 followed by a
short summary of the actual calculations we have performed.
Section 3 presents our results, including some typical examples
of kinetic energy dependent cross sections, their speed depen-
dence and the thermally averaged values. Finally, section 4 pro-
vides a short conclusion.
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2. Methodology

In the following subsections the evaluation of line broaden-
ing and mixing parameters of a selection of ammonia doublets
is detailed. Table T1 in the Supplementary Material provides
the position and quantum numbers associated to the 14 stud-
ied lines. In addition to the usual rotational quantum number j,
k the absolute value of its projection K on the symmetry axis,
and the symmetry index ε, a label s/a, standing for symmetric
and antisymmetric, is necessary to specify the symmetry with
respect to the inversion motion of NH3. The relevant ν4 vi-
brational mode is a doubly degenerate bending mode. And the
so-called ν4 band is a perpendicular band due to infrared active
dipole electric transitions for which the radiative selection rules
s → s and a → a, ∆ j = 0,±1 and ∆K = ±1 apply. In addition,
in the final vibrational level, the vibrational angular momentum
is excited l4 = ±1. Moreover, this band is strongly affected
by perturbations due to the vicinity of the ν2 (s) band [27]. Of
course, our study disregards the possible related effects on the
considered lines.

2.1. Potential energy surfaces used

Following our previous work [7], most of our dynamical cal-
culations were performed on the potential energy surface (PES)
determined by Schmuttenmaer et al. [21]. In addition, we re-
peated a few of them using the more recent PES of Loreau et al.
[1]. The former PES is derived from fitting observed transitions
of the van der Waals complex with ammonia in its ground vi-
brational state and second virial coefficients whereas the later is
a pure ab initio prediction. The analytical fit chosen in the semi-
empirical PES based on Jacobi coordinates makes it suitable for
direct implementation in Molscat codes [28, 29]. Indeed, this
potential uses the 3 Jacobi coordinates R, θ, φ to localise the Ar
atom with respect to the NH3 molecule. Namely, ~R joins the
center of mass of ammonia to the argon atom and defines the
z-collisional axis, θ is the angle formed by ~R and the C3 sym-
metry axis, and finally φ describes the rotation of the Ar atom
around the later axis. The 3-dimensional PES of Schmutten-
maer et al. [21] does not depend explicitly on the coordinate
describing the inversion-tunneling motion (see figure 1 of Ref.
[21]). The surface of Loreau et al. [1] contains the explicit
dependence upon the umbrella inversion ρ. The fitting expan-
sion relies on a second set of Jacobi coordinates, defined with
respect to the N atom but a simple geometrical coordinate trans-
formation is done [1] in order to recover the coordinates suitable
for scattering calculations. In our calculation the umbrella an-
gle was set to its averaged value in the vibrational ground state,
ρ = 111.4◦. Note that the N-H bond length is also fixed to its
average value, r0=1.9204 a0. Figure F1 in the Supplementary
Material compares selected angular cuts of the two PESs used.
One can check that they differ only slightly.

Because we are using 3-dimensional PESs, but wish to in-
clude the inversion motion we apply the model developed by
Davis and Boggs [30] for this purpose. Therefore, the inversion
motion is approximated by the delta function model [30] that
expresses the inversion wave functions as linear combinations

of the equilibrium structure (see detailed discussions in refer-
ences [2, 21, 31–33]).

For our dynamical calculations the 3-dimensional PESs have
been expanded over spherical harmonics:

V(R, θ, φ) =
∑
λ,µ≥0

vλµ(R)(1 + δµ,0)−1[Yλµ(θ, φ) + Yλ−µ(θ, φ)], (1)

where due to the C3v symmetry µ = 3n (n integer). The expan-
sion has been carried out up to λ = 7, leading to a maximum of
15 radial potential coefficients. The collisional selection rules
induced by such a potential cannot interconvert ortho- and para-
NH3. This is a very interesting feature because it allows sepa-
rate dynamical calculations (Molscat runs) for the 2 species,
reducing the computational cost. Figure 1 shows their main
radial coefficients1 as defined in Eq. (1). Overall, these coef-
ficients are very similar. Slight divergence is observed at very
short range for instance for the V33 anisotropic components, but
these components, at such distances, are screened by their re-
spective isotropic component.

Figure 1: Comparison of the most important radial coefficients (Eq. (1)) for the
PESs of Schmuttenmaer et al. [21] and Loreau et al. [1].

The quality of the Schmuttenmaer et al. [21] and of the
Loreau et al. [1] surfaces has been demonstrated in previous
works. The semi-empirical surface of Schmuttenmaer et al.
[21] is build using experimental data and has been shown to
properly reproduce differential and integral cross sections that
compare well with experimental values as clearly demonstrated
in Ref. [34]. Similarly the quality of the ab initio surface of
Loreau et al. has been demonstrated using spectroscopic energy
levels of NH3 and ND3 -Ar complexes [1], rotationally inelastic
scattering measurements [35] and spectoscopic constants of the
heterodimer in the region of the ν2 monomer’s band [3].

1All the energies are expressed in units of E/hc, where c is the speed of light
in cm.
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2.3. Generalized spectroscopic cross sections
First, for future discussion we remind the reader the standard

inelastic cross section expression in the close coupling (CC)
scheme, ~J = ~j + ~̀, for a collisional transition from a state i to a
state i’ is given by:

σ(i′ ←− i; Ekin) =
π

giκ
2
i

∑
J

∑
`,`′

(2J + 1)|S J(i′`′, i`)|2, (3)

where gi is the degeneracy factor of the initial level, κi is the
modulus of the wave vector associated with the initial kinetic

energy Ekin = (~κi)2/2µr, with µr = 11.9396 u, the reduced
mass of the NH3−Ar system, and ` designates a relative angular
momentum.

Within the impact approximation (for a review see
Refs. [4, 40]) the generalized cross section coupling a line
|l〉〉 ≡ | jikimiεi, j f k f m f ε f 〉〉 for a given radiative transition from
a state i to a state f with a line |l′〉〉 ≡ | ji′ki′mi′εi′ , j f ′k f ′m f ′ε f ′〉〉

for a transition from i′ to f ′ in the case of a symmet-
ric top interacting with a structureless atom is given by:

σ(q)(l′, l; Ekin) =
π

κ2
i

(
[ ji′ ]
[ ji]

) 1
2

×
∑

Ji J f ``′

[Ji]
[
J f

]
(−1) ji− ji′+`−`′

{
ji′ q j f ′

J f `′ Ji

}{
ji q j f

J f ` Ji

}
×

[
δii′δ f f ′δ``′ − 〈 ji′ki′εi′`

′
∣∣∣S Ji (ETi)

∣∣∣ jikiεi`〉〈 j f ′k f ′ε f ′`
′
∣∣∣S J f (ET f )

∣∣∣ j f k f ε f `〉
∗
]
. (4)

In Eq. (4) [X] stands for 2X+1, {: : :} refers to 6-j symbols.
q designates the order of the radiative-matter interaction and
equals 1 in the present study of electric dipole transitions. The
total energy in the initial channel i is ETi = Ekin + Eroti while
ET f = Ekin + Erot f is the total energy in the final channel f .
Scattering matrix elements are thus evaluated at these energies.
Primes denote post-collision states. The end-over-end relative
kinetic angular momentum are denoted ` and `′. Paraphrasing
Green [36], Eq. (4) is similar to the well known expression for
a diatom-atom system, with the additional k, ε labels in the bra-
kets, because "k acts as a spectator in the angular coupling".
The coupled states (CS) expression of such a cross section for
a symmetric top perturbed by an atom is thus not repeated here,
it can be deduced from equation (10) of Ref. [37] by merely
adding ε.

In the rest of this article we will only discuss the real part
of the cross sections and thus of the relaxation matrix elements
(RMEs). Indeed, for instance, the line shifts are very sensitive
to the vibrational dephasing [4] but the PESs used have no vi-
brational dependence.

As it is well known, (the real part of) a diagonal, i.e. set-
ting |l〉〉 = |l′〉〉 in Eq. (4), generalized cross section yields the
pressure broadening (PB) cross section. The PB cross section,
is the sum of two contributions, a first one coming from inelas-
tic collisions and a dephasing contribution coming from elastic
collisions [10–12, 41, 42]:

σ(q)(l, l; Ekin) = σinel + σ
(q)
deph, (5)

with

σinel =
1
2

∑
i′,i

σ(i′ ← i) +
∑
f ′, f

σ( f ′ ← f )

 . (6)

There is no such decomposition for off-diagonal cross sections.
However, for isotropic Raman Q lines, q = 0, i = f , i′ = f ′, i ,
i′, neglecting any vibrational effect, one can easily show that:

σ(0)(l′, l; Ekin) = −σ(i′ ← i; Ekin) (7)

For electric dipole transitions, q = 1, such a simple rela-
tion does not exist but physically the coupling between 2 lines
clearly comes from inelastic collisions and S -matrix elements
that enter into Eq. (4) are the same that lead to the state to state
cross sections σ(i′ ← i) and σ( f ′ ← f ) (Eq. (3)).

Finally, for future use, we define for two lines |l〉〉 and |l′〉〉
constituting a doublet the intradoublet inelastic (IDI) contribu-
tion to the inelastic part of the diagonal cross section (Eq. (6)):

σIDI(l′; l; Ekin) =
1
2

(
σ(i′ ← i; Ekin) + σ( f ′ ← f ; Ekin)

)
. (8)

The negative of this expression can also be compared to Eq. (7).

2.4. Dynamical calculations performed
The necessary cross sections were calculated with the

Molscat codes [28, 29] for kinetic energies in the range 0-1800
cm−1. The kinetic energies have been sampled on a non regular
grid. For energy below 20 cm−1, we evaluated the cross sections
every 0.5 cm−1 while steps of 250 cm−1 have been used for en-
ergies above 1000 cm−1. Special attention was paid near the
thresholds. The coupled state (CS) approximation was used for
kinetic energies greater than ∼800 cm−1. Additional CS calcu-
lations were also performed at smaller ones to check the accu-
racy of this approximation (see below). The S J-matrix blocks
are considered as converged when the contributions to the di-
agonal and off-diagonal state to state cross sections are smaller
than 0.1 and 0.01 Å2 respectively. We used the hybrid log-
derivative/Airy propagator [43, 44] starting at R = 2.5, switch-
ing at 40 and ending at 100 Å. The propagator step size was
adapted with the kinetic energy: we used more than 25 points
per half wavelength below 10 cm−1 and 10 points above 1000
cm−1. At least 10 energetically closed levels were included in
our basis4.

4For instance at a total energy of 600 cm−1 a Molscat CC run lasts 7.5h,
including 62 levels, and converges at J= 169.
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3. Results

Table 1: Lines for which cross sections were calculated.
Initial lines Final lines

PP(3, 3)s
PP(3, 3)s,a

PP(4, 2)s,a
PP(4, 2)s,a
PP(5, 5)s,a

PP(5, 2)s,a
PP(5, 2)s,a
PP(5, 5)s,a

PP(5, 5)s,a
PP(4, 2)s,a
PP(5, 2)s,a
PP(5, 5)s,a

PP(6, 5)s
PP(6, 5)s,a

PP(6, 6)s
PP(6, 6)s,a

PP(8, 8)s
PP(8, 8)s,a

3.1. Kinetic energy dependent cross sections

The 36 cross sections for which calculations were performed
are gathered in Table 1. We focus here on the intradoublet cou-
plings and for some doublets the couplings with the nearest
ones. As an illustrative example we consider the case of the
PP(5, 5)s line.

Cross sections involving the PP(5, 5)s line are plotted on Fig.
2 and 3. First, we observe that the CS approximation works
well (in fact, we have checked that the CS state to state cross
sections are already in quite good agreement with the CC ones
above 300 cm−1). Generally speaking, the CSA is expected
to be accurate when the kinetic energy is large compared to
the well depth, ∼110 cm−1 for the isotropic part of the present
system. This is not surprising in view of previous studies on
NH3-He state to state or pressure broadening cross sections [36,
37, 45] and for the NH3-Ar system [32].

Figure 2: Cross sections for the PP(5, 5)s line obtained with the Schmuttenmaer
et al. [21] PES as a function of the kinetic energy. Real part of the diagonal
cross section is evaluated with the CC method (black solid line) and with the
CSA (black solid disks). The total inelastic contribution (Inel, Eq. (6)) is pre-
sented in red dashed line and the contribution from the intradoublet inelastic
(IDI) cross section in blue dashed line. The relevant Maxwell-Boltzmann (MB)
kinetic energy distribution at 296 K is displayed by the green dash-dotted line.
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Focusing on Fig. 2 which provides the real part of the di-
agonal cross section as a function of the kinetic energy for the
PP(5, 5)s line, we note that the neglect of the dephasing contri-
bution works well for this system even at quite low kinetic ener-
gies and thus the inelastic contributions to the PB cross sections
are largely dominant. This is due to the 2 large intradoublet in-
elastic cross sections σ(55 − 1 ← 551) and σ(441 ← 44 − 1)
and to the numerous downward inelastic cross sections. Green
[31] already noticed that considering only the inelastic contri-
bution given by Eq. (6) is accurate for ammonia in helium baths
at room temperature. As also pointed out in the later reference,
the pressure broadening of a line does not reduce to the half sum
of the inelastic cross sections between the levels of the consid-
ered doublet, Eq. (8) (dashed blue line on Fig. 2). In fact, in
the case of NH3 perturbed by He this part of the total inelastic
contribution accounts to about 50% of the inelastic contribution
to the PB cross section. Present detailed calculations for NH3
in Ar prove that intradoublet inelastic cross sections account to
∼45% of the total inelastic contribution to the PB cross section
at a kinetic energy of 50 cm−1 and this percentage falls down

to ∼25% at 500 cm−1, compare the blue (IDI) and red dashed
(Inel) lines on Fig. 2. This variation with the kinetic energy
is confirmed by the blue curve on Fig. 4 which represents the
ratio of the intradoublet inelastic cross section to the pressure
broadening one.

We now consider off-diagonal cross sections involving the
PP(5, 5)s line, see left panel of Fig. 3. The intradoublet cou-
pling is much bigger than the coupling with other lines. This
can be attributed to a much closer spacing of the energy lev-
els involved in the doublet transitions, of the order of 0.8 cm−1

and strong coupling due to the v10 and v30 radial terms. Conse-
quently, at not too high pressure, at least below 1 atmosphere,
one may just consider the intradoublet coupling and disregard
the line mixing with other lines. The PP(5, 5)s line can be cou-
pled with the PP(5, 2)s,a lines if the kinetic energy is larger than
78 cm−1 corresponding to the energy difference between the
55 + 1 and 52 + 1 levels (see the Supplementary Material, Fig.
F2). This threshold is clearly visible on the left panel of Fig. 3
for the two relevant cross sections.

Figure 3: Kinetic energy dependent off-diagonal cross sections obtained with Schmuttenmaer et al. [21] PES. Left panel: coupling cross sections of the PP(5, 5)s
with other studied lines. Right panel: intradoublet cross sections. Solid lines: CC values, solid disks: CSA values.

The cross sections involving the PP(5, 5)a initial line, not
shown, are similar to the ones plotted on Fig. 2 and 3. The
coupling of the PP(5, 5)a line to the PP(5, 5)s line is very close
to the one for the reverse coupling. For the other couplings, the
s/a label has to be exchanged, namely, PP(5, 5)s-PP(4, 2)s is
similar to PP(5, 5)a-PP(4, 2)a, and so on. An off-diagonal gen-
eralized cross section (Eq. (4)) is not a standard inelastic cross
section (Eq. (3)) but the former cross section clearly comes
from off-diagonal S-matrix elements that also enter in the 2 re-
lated inelastic cross sections. Therefore, the last observation
must be related to the fact that symmetry considerations im-
pose that in absence of s/a energy splittings, the state to state
cross section σ( j′k′ε′ ← jkε) is equal to σ( j′k′ − ε′ ← jk − ε)

[36]. This strict rule is waived as soon as the splitting due to
the vibration-inversion motion is taken into account. In case of
small splittings like in the present NH3 case, our calculations
confirm that the above equality is still valid within a few per-
cents. This point was already discussed in ref. [32].

We extend the link between standard cross sections and
off- diagonal spectroscopic cross sections with the follow-
ing comparison: Fig. 4 provides the ratio of the off-diagonal
cross section σ(1)(PP(5, 5)a,

P P(5, 5)s) to the diagonal one
σ(1)(PP(5, 5)s,

P P(5, 5)s) and the ratio of the intradoublet inelas-
tic contribution σIDI(PP(5, 5)a;P P(5, 5)s) to the same pressure
broadening cross sections. What is striking on Fig. 4 is that
the 2 ratios are very close. In other words, the IDI contribu-
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tion nearly equals the intradoublet cross section. Note that this
is the way the intradoublet relaxation matrix element were ap-
proximated in [6], with the addition of a scaling factor. Such
an ad hoc procedure has been adopted in many previous works
[4, 46]. This approximation is more accurate as the kinetic en-
ergy increases (see Fig. 4), fact that we have also verified for
other doublets.

Figure 4: Ratios, as a function of the kinetic energy, of the coupling cross sec-
tion of the PP(5, 5)s with its companion line, PP(5, 5)a to the PB cross section
of the former and of the intradoublet inelastic contribution, Eq. (8), to the PB
cross section.

The right panel of Fig. 3 provides the off diagonal cross sec-
tions of the intradoublet studied. It clearly appears that these
cross sections have the same variation with the kinetic energy.
The strength of the intradoublet cross sections do not depend
only on the spacing between the 2 lines. Following Lightman
et al. [47] for a given j value, the intradoublet coupling coeffi-
cient should increase with k, what we observe. More recently,
Ma et al. [16, 18] have shown that the intradoublet couplings
increase with j and k. The intradoublet state to state cross sec-
tions are mostly governed by the direct processes due to the
v10Y10 and v30Y30 potential coupling terms (see Eq. 26 of [36]
and [30, 31, 38]). On this basis the coupling should increase
with j and k.

Finally, we have checked the influence of the potential en-
ergy surface by repeating the determination of the cross sec-
tions involving the PP(5, 5)s/a lines and the cross sections for
the PP(3, 3)s/a doublet with the ab initio PES of Loreau et al.
[1]. The obtained results are very similar. We thus conclude
that for the current purposes the semi-empirical potential is as
accurate as the ab initio one.

3.2. Relaxation matrix
A first step towards a comparison with experimental data, in

particular the PB coefficients, is to provide thermally averaged
values. To this end we calculate the relaxation matrix elements
[4, 12, 40, 48]:

〈〈l′
∣∣∣W (1)

∣∣∣ l〉〉 =
nv̄r

2πc
〈σ(1)(l′, l; Ekin)〉 (9)

where n is the argon density number and v̄r the mean relative

speed at the temperature T which is given by
√

8kBT
πµr

. The ther-
mal average is performed over the Maxwell-Boltzmann kinetic

Table 2: Comparison of present calculated HWHM (half widths at half maxi-
mum) and available data. Values are given in 10−3 cm−1 atm−1. All the compu-
tations are performed using the Schmuttenmaer et al. PES [21] and the repeated
PP(3, 3)s and PP(5, 5)s entries at the bottom of the table correspond to a com-
putation with the Loreau et al. [1] PES.

Line Present Calc [15] Exp [49] Exp [6]
193 K 296 K 296 K 296 K 296 K

PP(3, 3)s 71.15 50.49 55.7 55.2 55.3
PP(4, 2)s 64.76 47.06
PP(4, 2)a 47.08 51.5 50.3
PP(5, 2)s 59.10 43.62 46.4
PP(5, 2)a 43.60 46.7 48.8
PP(5, 5)s 63.43 46.23 53.6 48.0
PP(5, 5)a 46.24 49.5 54.4
PP(6, 5)s 56.56 42.15 48.8 47.9 47.9
PP(6, 6)s 59.77 43.91 46.6 53.6 50.8
PP(8, 8)s 54.84 40.48 42.3 45.9 44.6
PP(3, 3)s 67.20 48.01 55.7 55.2 55.3
PP(5, 5)s 60.69 44.18 53.6 48.0

energies distribution,

〈σ(1)(l′, l; Ekin)〉 =
1

(kBT )2

∫ ∞

0
Ekine−Ekin/kBTσ(1)(l′, l; Ekin)dEkin.

(10)
Given the kinetic energies grid used, relaxation matrix elements
at any temperature in the range 10 - 350 K are expected to be
converged, and with an improved accuracy in the range 50 to
300 K.

Before going further we compare in Table 2 the diagonal
relaxation matrix elements with collisional broadening coeffi-
cients, measured at room temperature, available in the litera-
ture. As expected the results do not present any significant
s/a dependence for the doublets. The present calculated val-
ues are clearly underestimating the HWHM because we restrict
NH3 to be rigid. The vibrational phase shift is thus missing. In
addition to comparison with experimental values, Table 2 pro-
vides published theoretical results performed by Starikov [15]
using semi-classical calculations. They are based on an empir-
ical PES [49] for which the effective parameters were adjusted
to provide reliable HWHM. For further studies we also provide
in Table 2 our theoretical HWHM at 193 K obtained with the
semi-empirical PES [21]. In addition, we provide the values, at
193 and 296 K, obtained with the ab initio PES of Loreau et al.
[1] for the PP(3, 3) and PP(5, 5) doublets. We note that these
PESs lead to close results. Similar to the other tests performed,
the differences observed are not relevant for the HWHM and
the semi-empirical PES is of sufficient quality.

We now briefly discuss off-diagonal relaxation matrix ele-
ments for the PP(5, 5)s,a initial lines with the other lines con-
sidered in this study. Conclusions are directly transposable to
the other doublets. For all tested temperatures, we obtained
W(PP(5, 5)s,

P P( j, k)s,a) � W(PP(5, 5)a,
P P( j, k)a,s). This re-

sults is not surprising given the comparisons of the involved
cross sections as detailed in Sec. 3.1. In addition, the detailed
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3.4.1. Dependence on the relative speed

Let us define a relative speed dependent relaxation matrix
element w as:

wi, j(vr) =
n

2πc
vrσi j(vr), (13)

with i = 1, 2 and j = 1, 2 and where vr is the relative speed
associated with the center of mass kinetic energy Ekin = 1

2µrv2
r ,

and n is the density number of the perturbing atoms (Ar). In
order to study the dependence on vr, according to Eq. (13), we
have plotted

√
Ekinσi j vs

√
Ekin on figure 5.

Figure 5: Relative speed dependence of diagonal, w11 (left panel), and off-diagonal, w12 (right panel), RMEs for the studied doublets. Results obtained with
Schmuttenmaer et al. [21] PES.

As it appears immediately, the speed dependence of the di-
agonal and off-diagonal terms are totally different, as obvi-
ously could be already deduced examining Fig. 4, invalidat-
ing the assumption made in [20]. Schematically, we can dis-
tinguish to regimes. For small kinetic energies the w-matrix
elements increase rapidly, then we observe an intermediate re-
gion strongly correlated with the opening above their thresh-
old of the most efficient upward transitions. For higher ki-
netic energies the coupling elements exhibit a rather flat behav-
ior (w12(vr) ≈ constant), while the diagonal elements increase
faster than linearly with the relative speed (approximately as√

E1.3).
As shown above (Fig. 2), disregarding the dephasing contri-

bution, Eq. (5), the diagonal cross-section σ11(vr) may be ex-
pressed as half the sum of the inelastic cross-sections starting
from both the initial and final levels of the considered transi-
tion, which can be classified in two categories: downward and
upward contributions. We expand below the inelastic contribu-
tions to the pressure broadening cross section (Eq. (6)):

σ11(vr) =
1
2

{
σout i (vr) + σout f (vr)

}
(14)

=
1
2

{
σ
′

out i
(vr) + σ

′

out f
(vr)

}
+ σIDI

12 (vr)

=
1
2

{
σ
′

down
(vr) + σ

′

upw
(vr)

}
+ σIDI

12 (vr)

where the indices i and f are the initial and final states of the
line |1〉〉, the indices ’out i’ (’out f ’) designates the total inelas-
tic cross section out of the state i ( f ), the intradoublet cross

section (IDI) has been defined in Eq. (8), and the index ’down’
and ’upw’ are the downward and upward cross sections out of i
or f . Figure 6 shows this decomposition for the PP(5, 5)s line.

Figure 6: Illustration of Eq. (14) in the case of the PP(5, 5)s line. More detailed
contributions are given in Fig. F4 of the Supplementary Material.

As can be seen, the half-sum of the downward inelastic cross
sections out of the levels i and f (in red) and the intradoublet
cross sections (in black) behave quite similarly with the kinetic
energy. On the opposite the half-sum of the upward cross sec-
tions (in blue) strongly increases after their thresholds and then
grows up slowly. Note that the next upper level may be not the
one for which the state to state cross section is the largest be-
cause of the collisional selection rules and potential coupling
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3.4.2. Dependence on the speed of the active molecule
Transforming a cross section which depends on the relative

speed vr, to a relaxation matrix element which depends on the
absolute speed of the active molecule v, is done with the help
of the function f (vr |v; T ) [50] which provides the conditional
probability that the relative speed is vr when the active molecule
speed is v at thermal equilibrium T :

wi j(v; T ) =
n

2πc

∫
dvr f (vr |v; T )

[
vrσi j(vr)

]
. (17)

Of course, from the latter relationship one can retrieve a ther-
mally averaged relaxation matrix element :

Wi j(T ) =

∫
dvF(v; T )

[
wi j(v; T )

]
, (18)

where F is the Maxwell-Boltzmann distribution, at T, of the
active molecule speed. When correctly handled Eq. (18) should
provide the same results as Eq. (10).

Assuming a kinetic energy dependence of the cross sections
as given by Eq. (??), the relative speed dependent relaxation
matrix elements (Eq. (13)) vary as vαr , with α = 2a + 1. Making
use of Eq.(17) one obtains the active molecule speed depen-
dence of w [22–24] at a given temperature:

wi j(u,T ) = Wi j(T ) ∗ (1 + Λ)−p ∗ M(−p; 3/2;−Λu2), (19)

where u = v/ṽ is the reduced speed of the active molecule, with
ṽ its most probable speed at T ; Λ is the ratio of the perturber

mass to the active molecule mass; the first argument, p, of the
confluent hypergeometric function M is related to the exponent
α via p = α

2 . Finally, the overall factor Wi j(T ) is the thermally
averaged relaxation matrix element (Eq.(18)).

As is well known, most of the studies devoted to speed de-
pendent line shape are based on phenomenological models like
that of Berman [22] for the speed dependence of the broaden-
ing. This model assumes resonant collisions and a radiator-
perturber isotropic interaction potential dominated by a term
proportional to R−N driving straight line path trajectories. This
models leads to the speed dependence given by Eq. (19) with
[22–24]:

p =
N − 3

2N − 2
. (20)

Thus one may relate (but must be cautious [24]) the above rea-
sonable mathematical speed dependence with this phenomeno-
logical model. We also note that N = 1 − 1

a and that Eq. (19) is
valid for N > 1.5. We remind the reader that for a = −0.5 (or a
dipole-dipole interaction, N = 3) there is no speed dependence.

The present calculations give us the opportunity to test that
hypergeometric model. We have therefore considered p and
W11 as adjustable parameters which have been determined
through a fitting procedure. Figure 8 gives the diagonal ele-
ment w11(v; 296K) for the PP(5, 5)s or a doublet as given by the
present calculation and the result of the hypergeometric model.

Figure 8: Speed dependence, at 296 K, of the pressure broadening coefficient of the PP(5, 5)s: ab initio results (black line), quadratic model (blue line), hypergeo-
metric model (red line). In addition, the theoretical thermally averaged value is represented by the black dashed line and the speed distribution by the green dashed
line.
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Figure 9: Speed dependence of pressure broadening parameters at 193 K and 296 K (panels A and B resp.) and of the intradoublets relaxation matrix studied at 193
and 296 K (panels C and D resp.). Results obtained with Schmuttenmaer et al. [21] PES. In each case the Maxwell - Boltzmann speed distribution is also plotted
(black dashed lines).
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We now discuss the speed dependence of the intradoublet re-
laxation matrix elements. Again as an illustrative example we
consider the PP(5, 5)s line at 296 K. In comparison with the
speed dependence of the pressure broadening coefficient of this
line, the result is completely different for the intradoublet cou-
pling as it appears from Fig. 10. Neither the quadratic nor the
hypergeometric model can represent this speed dependent off

diagonal relaxation matrix element w12(v,T ) whose speed de-
pendence is around 7% from its average value -14×10−3 cm−1

atm−1, see Table ??. The observed (unusual) speed dependence

Figure 10: Speed dependence at 296 K of the relaxation matrix elements w12
for the PP(5, 5)s/a doublet. Results obtained with Schmuttenmaer et al. [21]
PES. The thermally average value of this intradoublet line coupling coeficient
is displayed with a short dashed.

can be easily explained from the fits of Fig. ??. As mentioned
above two different power laws must be considered for small
and high kinetic energies with two different exponents: -0.26 at
small kinetic energies and -0.55 at high ones. Then using in a
first step these two asymptotic behaviors we simulate according
to Eqs. (??) and (17) the speed dependence of the w12(v) cou-
pling term. Figure 11 shows that the fit at low kinetic energies
with the exponent -0.26 clearly relates with the low (absolute)
speed v while the fit at high kinetic energies providing an expo-
nent -0.55 gives the behavior at high (absolute) speed (remind
that an exponent equal to -0.5 gives no speed dependence). The
combination of the 2 power laws, with a switch at 99 cm−1,
reproduces well the speed dependence derived from our scat-
tering calculations. The competition between the 2 behaviors
leads to a nearly cancellation of the speed dependence at 296
K.

We note that the fit of the cross sections at low kinetic energy
explains the greater speed dependence observed at 193 K in Fig.
9. Results are rather similar for the other doublets as it appears
from the panels C and D of Fig. 9: even if the speed dependence
may vary from one doublet to the other, it remains very small,
at least at room temperature. The speed dependence of the diag-
onal and off-diagonal relaxation matrix elements obtained with
Loreau et al. PES [1] is slightly different but confirms the above
conclusions.

A question remains: Is it possible to detect such a weak

Figure 11: Comparison, at T = 296 K, of the fitted speed dependent intradoublet
PP(5, 5)a −

P P(5, 5)s relaxation matrix element w12(v) with the values derived
from our CC/CS cross sections (blue line) obtained from Schmuttenmaer el al.
[21] PES (absolute values, see Fig. 3 and Fig. 10).

speed dependence of the intradoublet coupling ? We have there-
fore simulated the absorption coefficient by using the model of
Ciurylo and Pine [19] and assuming uncorrelated hard colli-
sions as done in our previous study [20]. The unperturbed line
positions and the experimental intensities of the various dou-
blets were taken from the 2016 edition of the HITRAN data
base [26]. The velocity changing β rate was fixed to the cor-
responding value of the diagonal element W11(T ) , which is a
reasonable order of magnitude (see more details in ref. [20]).
Two calculations have been made: in the first one the speed de-
pendent diagonal and coupling elements were those calculated
in the present work. In the second one, the speed dependence of
the coupling element was omitted and the matrix element fixed
to its thermally averaged value W12(T ).

Firstly, we consider the PP(5, 5) doublet at 296 K. The two
results are compared on the top panel of Fig. 12 for various per-
turber pressures. We have plotted the difference between these
two absorptions relative to the peak absorption value, for two
perturber pressures corresponding to an important overlapping
of the two components. It is possible to compare directly with
the previous works based on an identical speed dependence of
the diagonal and off-diagonal elements: see figure 3 of [20].
From this comparison it appears that the amplitude of the dif-
ference between the two line shapes is reduced by a factor 10.
In other words it will be impossible to detect this difference
by the fitting methods developed in our previous work. From
the bottom panel of Fig. 12, it seems that the PP(8, 8)s/a dou-
blet measured at 193 K could be a more promising candidate
since, on one hand the line mixing process is more important
( W12

W11
= 0.63 instead of 0.3 for the PP(5, 5)s/a doublet at 296 K).

Moreover, the speed dependence of w12(v) is more pronounced
for this doublet (see Fig. 9). The bottom panel of Fig. 12
gives the differences computed for this system. As expected,
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Figure 12: Differences between the absorptions computed for 0.1% of NH3
diluted in Ar at various pressures, with and without the inclusion of the speed
dependence of line mixing, relative the peak absorption value. Top: for the
PP(5, 5)s/a doublet (alone) at 296 K. Bottom: for the PP(8, 8)s/a doublet (alone)
at 193 K.

the amplitude of the difference is now quite comparable to that
given in figure 3 of Ref. [20]. Of course, as recalled in this
reference, the multispectrum fit of the data will adjust the pa-
rameters to minimize the residuals as much as possible, and the
shape of residuals may be different and smaller than in Fig. 12.
However, the detailed analysis provided in Ref. [20] has shown
that, starting from the difference given in Fig. 12 (cf. figure
3 of [20]), it might be possible to observe a small but signifi-
cant signature of the speed dependence of the coupling element
(cf figures 4 and 7 of [20]). In our opinion, modern spectro-
scopic techniques of high sensitivity and accuracy should allow
to measure such small signatures.

4. Conclusions

We have presented a first quantum ab initio study of some
line shape parameters of a few doublets of the perpendicular
ν4 band of ammonia in argon. To this end, two potential en-
ergy surfaces have been used and lead to similar results. The
obtained pressure broadening coefficients are slightly too small
with respect to measured values [6, 49] but the reason is clear:
our calculations suffer from the lack of rovibrational dephas-
ing because we are not able to take into account the ν4 vi-
brational mode dependence. Nonetheless, the computed ther-
mally averaged intradoublet coupling coefficients are in overall

good agreement with the ones previously determined experi-
mentally [6]. This type of calculations is very promising to
model line mixing at low argon pressures when it is sufficient to
consider such off-diagonal relaxation matrix elements. It avoids
to construct the full band relaxation matrix, which would be in-
tractable from fully ab initio calculations. Whereas in most of
the joint experimental and theoretical accurate lineshape anal-
yses at room temperature, the non-Voigt effects are nowadays
included, the speed dependence of off-diagonal elements of the
relaxation matrix are always disregarded [46, 51, 52]. In the
present work, we have shown that the speed dependence of the
pressure broadening coefficient is quite important and can be
well represented by either the commonly used quadratic or hy-
pergeometric models. In contrast, for the intradoublet coupling
coefficients, the speed dependence is found to be small at room
temperature. Therefore, we confirm the above mentioned line-
shape analyses. Note that the neglect of the speed dependence
of the (first order) line mixing coefficient was also theoretically
justified for the pure rotational R(0) line of CO in argon [53]. It
should be emphasized that conclusions cannot be drawn unless
an extended range of kinetic energies, or relative speed, is con-
sidered when computed upward, downward and intradoublet
cross sections. In passing, we have shown that the intradoublet
cross sections can be expressed as the average of two inelastic
state to state cross sections. Nevertheless, our study does not
rule out the possibility of the observation of speed dependent
line coupling effects on lineshapes. Such possibilities clearly
depend on the system through the potential energy surface, on
the collisional selection rules (more restrictive for NH3-Ar than
for CO -Ar for instance), on the energy level structure and on
the temperature. For instance, for the studied doublets of am-
monia in argon bath the speed dependence is more pronounced
at lower temperature (roughly below 193 K).
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