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• We extrapolate the cross sections given in the figure into the higher kinetic energies (up to ~4 000 cm-1); we then assume 
that for N2 rotational states with Nb>4, the cross sections are the same as for the Nb=4; thus in the evaluation of the 
statistical partition sums over bath variables we are able to include the N2 levels up to Nb=31

• By suitable energy-averaging of the cross sections we obtain both the speed-independent & speed-dependent N2- 
broadening coefficients for the O2 118 GHz line. The temperature dependence of the speed-dependent HWHM is obtained 
by averaging the speed-dependent Lorentz profiles over the Maxwellian distribution
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• The general problem: How is the absorption 
(emission) spectrum of O2 modified when it is 
immersed in the large bath of N2 molecules?

• This model question is important in general 
considerations of atmospheric physics (~78% of 
N2 & ~21% of O2 in our atmosphere…)

• We want to attack this problem ab initio style, 
using methods of theoretical physics and 
quantum chemistry

• Many spectral lines & bands of O2 will be 
affected by its interactions with N2 in a 
complicated manner

• A torough study of these is very challenging 
(preparation of the potential, solving the 
Schrödinger & kinetic equations...)

• We thus begin this program by adressing a 
simpler problem: How much a single isolated line of 
O2 is broadened by collisions with N2 at different gas 
temperatures?

• Here, we consider both (rigid) molecules to be 
in their ground states & we focus on the N2-
induced perturbations of the isolated fine-
structure line (centered at ~118 GHz) of O2(3Σ)

• In O2(X3Σ) each rotational level splits into three fine-structure levels due to spin-spin interaction; we study the 
broadening of the j=1 → j=0 fine-structure transition, occurring within the first rotational level

• By using angular momentum recoupling techniques [1, 2, 3] we separate the O2 spin from the problem, and  solve the 
Schrödinger equation for the collision of two spin-free particles on the 4-dimensional potential energy surface (PES)

• Our new 4-dimensional O2-N2 PES is computed using the (AE)UCCSD(T)-F12b/CBS methodology with aid of the 
‘’AUTOSURF’’ code [1, 4]; the Schrödinger equation is solved numerically using our ‘’BIGOS’’ quantum scattering code 
[5]

• We transform the obtained spin-free scattering matrices back into the representation which include the quantum spin 
number – we are thus in a position to compute the line-broadening for a purely fine-structure transition in the single 
rotational level

• The ‘’BIGOS’’ code uses the transformed S-matrices to calculate the pressure broadening cross-section for the N2 
perturbation of the  j=1 → j=0 fine-structure transition in O2 

• The energy-averaged cross sections yield the pressure broadening parameter for this line (i.e., the half-width at half 
maximum, HWHM) as a function of the gas temperature [1]
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• We calculated the broadening cross sections in the kinetic energy range from 1 cm-1 to ~100 cm-1

• Here, cross sections are given for first 5 rotational levels of N2 (labeled with Nb) as a function of kinetic energy; at high 
enough Ek they become independent of the rotational state of the thermal bath (see the figure on the right)
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TABLE IV. Available experimental and ab initio values of pressure broadening coeffi-
cients for the 118 GHz line in O2 perturbed by N2. The uncertainties of our results in
parentheses correspond to the estimated 4% accuracy of the calculations for γ and
to the uncertainty of the numerical fit of Eq. (30) for nγ.

Experiment T (K) γ (MHz/Torr) nγ

Pickett et al.19 207 2.83(6) ⋅ ⋅ ⋅
281 2.38(5) ⋅ ⋅ ⋅
295 2.2(1) ⋅ ⋅ ⋅

Golubiatnikov et al.20 297 2.245(20) ⋅ ⋅ ⋅
Drouin21 296 2.06(6) 1.00(5)
Makarov et al.15 300 2.255(14) 0.79(5)
Koshelev et al.16 296 2.278(2) 0.781(6)
This work, WSLP 296 2.28(9) 0.7231(1)
This work, γ0 296 2.30(9) 0.7245(6)

broadening and the experimental results15,16,19,21 is given in Fig. 8.
The mentioned narrowing of the line shape due to the speed depen-
dence of γ can be observed. The shaded region corresponds to the
uncertainty of our WSLP simulation results, which we estimate at
4% based on considerations described in our previous works.31,35,39
Table IV gives the numerical values of experimental half-widths γ
and our ab initio results.

VI. CONCLUSION
In this paper, we presented the first calculations of the

O2(3Σ−g )–N2(1Σ+g ) scattering in the context of fine structure lines of
O2. We computed a new ab initio O2–N2 PES on which fully quan-
tum dynamical calculations were performed. By changing the rep-
resentation basis of the scattering matrix, we calculated the pressure
broadening cross sections for the fine structure 118 GHz transition
in O2 occurring within a single rotational level. Our treatment of
collision dynamics is based fully on the close-coupling approach,
and no further dynamical approximations weremade.We calculated
the effective collisional half-widths of the N2-perturbed 118 GHz
fine structure line of O2 and provided its temperature dependence
over the 200–400 K range. We obtained a good agreement with
the available experimental data. This study is the first step toward
the accurate theoretical study of collisional perturbations of the fine
structure and rotational lines of O2(3Σ−g ) due to molecular species
of atmospheric importance, such as N2. Such investigations are of
great importance for studies of the earth’s atmosphere and remote
sensing, and populating spectroscopic databases (such as HITRAN
or GEISA) with accurate theoretical values of line shape parameters.
This first work paves the route for further studies that will include
the couplings between the lines that affect the pure rotational band
shape.

SUPPLEMENTARY MATERIAL
See the supplementary material associated with this article

for the tabulated radial terms of the O2–N2 PES and the pressure
broadening cross sections used in the line shape calculations.
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APPENDIX: CHANGE OF BASIS
One can derive the formula for the change of basis, Eq. (15), by

the successive recoupling of angular momenta used to label the bases
of the two representations. To do so, one first recouples jR andNa to
produce J [see Eqs. (11) and (13)], leading to the spectroscopic-basis
ket,13,26

∣(Nbl)jR(NaS)j; JTMT⟩ =∑
J
(−1)jR+Na+S+JT [J, j] 12

×⎧⎪⎪⎨⎪⎪⎩
jR Na J
JT S j

⎫⎪⎪⎬⎪⎪⎭× ∣((Nbl)jRNa)JS; JTMT⟩. (A1)

In order to recover the same labeling as in the scattering basis vector,
Eq. (14), one needs to change the order of jR andNa in the rightmost
ket in Eq. (A1),

∣((Nbl)jRNa)JS; JTMT⟩ = (−1)jR+Na−J ∣(Na(Nbl)jR)JS; JTMT⟩, (A2)

where an additional phase factor is due to the property ∣(j1j2)j12⟩= (−1)j1+j2−j12 ∣(j2j1)j12⟩, which follows from the symmetry proper-
ties of Clebsch–Gordan coefficients.13,89

Upon recouplingNa andNb toN [see Eq. (13)] andmaking use
of Eq. (A1), one may write

∣(Nbl)jR(NaS)j; JTMT⟩ = (−1)Na+Nb+l+S+JT

×∑
J,N
[ j, jR, J,N] 12⎧⎪⎪⎨⎪⎪⎩

jR Na J
S JT j

⎫⎪⎪⎬⎪⎪⎭
×⎧⎪⎪⎨⎪⎪⎩

Na Nb N
l J jR

⎫⎪⎪⎬⎪⎪⎭× ∣((NaNb)Nl)JS; JTMT⟩, (A3)

thus proving Eq. (15). Note that in Eq. (A3) the phase term(−1)2jR+2Na is omitted since jR and Na are both integers.
Now, recall the definition of the spin-free representation in

Eq. (14). Considering that the interaction is assumed to be indepen-
dent of the electronic spin and that in Hund’s case (b) the coupling
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● Our ab initio calculations 
agree with the experimental 
data (see [1] for the relevant 
papers) within the estimated 
4% uncertainty of numerical 
calculations (shaded area). 
This paves the way for more 
elaborate future analyses of 
the general line-shape 
problem for atmospheric O2 
perturbations
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sections, Eq. (17), as39,93

γ0 = 1
2πc

v̄r
kBT
∑
Nb

pNbRe
∞
∫
0

dxe−xσ(q)0 (Nai ji,Naf jf ;Nb∣x), (25)

where x = Ek/kBT, with kB and T being the Boltzmann constant and
gas temperature, respectively, and v̄r =√8kBT/πμ is the mean rel-
ative speed of the monomers; the (2π)−1 factor arises when one
expresses the spectrum in units of frequency, ν, and not angular fre-
quency, ω, and the 1/c factor converts the frequency units into wave
numbers.93

The statistical weights pNb give the probability of the perturb-
ing molecule being, at a given temperature T, in a rotational state of
energy E(b)rot characterized by the quantum number Nb,

pNb = 1
Z(T)wNb(2Nb + 1)e−E(b)rot /kBT , (26)

where
Z(T) =∑

Nb

wNb(2Nb + 1)e−E(b)rot /kBT (27)

is the partition function and wNb are the weights associated with the
nuclear spin degeneracy of each rotational level—in the present case
of perturbations by the N2 molecule, to its ortho and para species,
they are wNb = 6 and wNb = 3, respectively (see the discussion in
Sec. IV). In order to cover 99% of the rotational population of N2 at
room temperature (296 K), we extended the summation in Eq. (27)
up to the rotational level with Nb = 31.

In a more realistic approach, one includes the dependence of
the collisional broadening on the speed v possessed by the spec-
troscopically active molecule by replacing Eq. (25) with its speed-
dependent counterpart,93

γ(v) = 1
2πc

1
kBT

2√
πvpv

∑
Nb

pNbRe
∞
∫
0

dvrv2r sinh(2vvr
v2p
)

× e− v2+v2
r

v2
p σ(q)0 (Nai ji,Naf jf ;Nb∣vr), (28)

where vp =√2kBT/mb is the most probable speed of the per-
turber of mass mb and the integration is over the relative speeds
vr of the two molecules. The speed-dependent broadening coeffi-
cient γ(v) at 296 K is plotted in Fig. 7 against the corresponding
Maxwell–Boltzmann distribution, which determines the value of γ0
also shown for comparison.

In order to determine the effective broadening of the spec-
tral line, which takes into account the speed dependence of γ, we
simulate the line shape with the weighted sum of Lorentz profiles
(WSLPs),28

IWSLP(ω − ω′0) = 1
π∫ d3v⃗ fm(v⃗) γ(v)

γ2(v) + (ω − ω′0)2 , (29)

where fm(v⃗) is the Maxwell–Boltzmann distribution of the active
molecule’s velocity and ω′0 is the line position including the even-
tual speed-dependent shift that we disregard here. We then fit the
obtained ab initio points with the usual Lorentzian profile thus being
able to determine the half-width at half-maximum (HWHM) of the
fitted line shape. The speed dependence of γ results in the effective

FIG. 7. Ab initio speed-dependent pressure broadening coefficient γ(v) (black
solid line) for the N2-perturbed 118 GHz fine structure line of O2 at 296 K and the
speed-averaged broadening parameter γ0 (dashed line). For reference, the speed
distribution of the O2 molecule (gray solid line) at 296 K is presented in arbitrary
units.

width of the line being smaller than that given by the speed-averaged
coefficient γ0;39 hence, it is the WSLP simulation that is compared
with the experiment.

The speed-averaged and WSLP broadening coefficients were
calculated for several temperatures in the range of 200–400 K, and
the ab initio points thus obtained were fitted with the power law,

γ(T) = γ(T0)(T0

T
)nγ , (30)

where T0 is a reference temperature, in our case 296 K, and nγ
is the fitted temperature exponent. A comparison between the
theoretically predicted temperature dependence of the collisional

FIG. 8. Comparison between the ab initio (solid lines) and experimental tem-
perature dependence of the pressure broadening for the 118 GHz oxygen line
perturbed by N2. The shaded region corresponds to the estimated 4% uncertainty
of the WSLP results. The corresponding references to the experimental papers are
given in Table IV.
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