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Ab initio investigation of the CO-N 2 quantum scattering: the collisional perturbation of the pure rotational R(0) line in CO

We report fully quantum calculations of the collisional perturbation of a molecular line for a system that is relevant for Earth's atmosphere. We consider the N 2 -perturbed pure rotational R(0) line in CO. The results agree well with the available experimental data. This work constitutes a significant step towards populating the spectroscopic databases with ab initio collisional line-shape parameters for atmosphere-relevant systems. The calculations were performed using three different recently reported potential energy surfaces (PESs). We conclude that all three PESs lead to practically the same values of the pressure broadening coefficients.

I. INTRODUCTION

Detailed knowledge about the interaction energy in molecular systems is crucial for understanding variety of physical phenomena. An accurate potential energy surface (PES) is important for the calculations of bound states of molecular complexes, [START_REF] Wormer | Intermolecular potentials, internal motions, and spectra of van der Waals and hydrogen-bonded complexes[END_REF] understanding the dynamics of the interstellar medium, [START_REF] Flower | Molecular collisions in the interstellar medium[END_REF] proper interpretation of collisionally induced spectra [START_REF] Frommhold | Collision-induced absorption in gases[END_REF] and determination of shapes of the optical molecular resonances. [START_REF] Hartmann | Collisional Effects on Molecular Spectra[END_REF] Nitrogen molecule, as the main constituent of Earth's atmosphere, is of particular importance for the spectroscopic community. Collisions with N 2 can perturb the absorption lines of less abundant molecules in the atmosphere, leading to the pressure broadening (and shift) of the spectra, and constitute the primary broadening mechanism in the troposphere. [START_REF] Hartmann | Chapter 3 -atmospheric radiative transfer and climate[END_REF] Accurate values of pressure broadening and shift coefficients are essential for reducing atmospheric-spectra fit residuals, [START_REF] Hartmann | Recent advances in collisional effects on spectra of molecular gases and their practical consequences[END_REF] which might affect values of the quantities retrieved from the fit, such as the volume mixing ratio (VMR) [START_REF] Hartmann | Recent advances in collisional effects on spectra of molecular gases and their practical consequences[END_REF][START_REF] Jacob | Introduction to atmospheric chemistry[END_REF] of the absorbing compound. This is especially important in terms of remote sensing applications, as subpercent accuracy of the VMR is needed to reliably identify the sources and sinks of the greenhouse gases. [START_REF] Eldering | The orbiting carbon observatory-2 early science investigations of regional carbon dioxide fluxes[END_REF][START_REF] Schwandner | Spaceborne detection of localized carbon dioxide sources[END_REF] Carbon monoxide is a trace gas in Earth's atmosphere which has an indirect impact on the concentration of methane. Indeed, CO reacts with hydroxyl radicals (•OH) and reduces their abundance in the atmosphere, which, in turn, leads to higher concentration of the CH 4 molecules. [START_REF] Carole | Global climate change linkages: acid rain, air quality, and stratospheric ozone[END_REF][START_REF] Daniel | On the climate forcing of carbon monoxide[END_REF] Carbon monoxide is also an important gaseous pollutant and a useful tracer of various anthropogenic activities, such as fossil fuel combustion. [START_REF] Stephens | Remote sensing measurements of carbon monoxide emissions from on-road vehicles[END_REF][START_REF] Mcmillan | An observational and modeling strategy to investigate the impact of remote sources on local air quality: A Houston, Texas, case study from the Second Texas Air Quality Study (TexAQS II)[END_REF][START_REF] Shan | Regional CO emission estimated from ground-based remote sensing at Hefei site, China[END_REF] Apart from remote sensing measurements, accurate pressure broadening coefficients of the nitrogen-perturbed CO lines are of particular importance in the analysis of the atmospheres of various objects in the outer Solar System. The a) Electronic mail: hubert.jozwiak@doktorant.umk.pl b) Electronic mail: piotr.wcislo@umk.pl atmosphere of Titan, the largest moon of Saturn, is dominated by nitrogen (94.2%) and methane (5.65%). [START_REF] Catling | Giant planets and their satellites[END_REF][START_REF] Niemann | Composition of Titan's lower atmosphere and simple surface volatiles as measured by the Cassini-Huygens probe gas chromatograph mass spectrometer experiment[END_REF] Trace amounts of the CO molecule were discovered there by Lutz et al., [START_REF] Lutz | Titan: Discovery of carbon monoxide in its atmosphere[END_REF] who identified several P and R lines of the 3-0 band from ground-based measurements. To accurately determine the CO concentration in Titan's atmosphere, several studies were pursued, where pure rotational transitions, [START_REF] Flasar | Titan's atmospheric temperatures, winds, and composition[END_REF][START_REF] Kok | Oxygen compounds in Titan's stratosphere as observed by Cassini CIRS[END_REF] in particular the R(0), [START_REF] Muhleman | Microwave measurements of carbon monoxide on Titan[END_REF][START_REF] Marten | Abundance of carbon monoxide in the stratosphere of Titan from millimeter heterodyne observations[END_REF][START_REF] Gurwell | CO on Titan: Evidence for a wellmixed vertical profile[END_REF][START_REF] Hidayat | Millimeter and submillimeter heterodyne observations of Titan: The vertical profile of carbon monoxide in its stratosphere[END_REF] R(1), [START_REF] Hidayat | Millimeter and submillimeter heterodyne observations of Titan: The vertical profile of carbon monoxide in its stratosphere[END_REF],24 R(2) [START_REF] Hidayat | Millimeter and submillimeter heterodyne observations of Titan: The vertical profile of carbon monoxide in its stratosphere[END_REF][START_REF] Gurwell | Submillimeter observations of Titan: Global measures of stratospheric temperature, CO, HCN, HC 3 N, and the isotopic ratios 12 C/ 13 C and 14 N/ 15 N[END_REF] lines, as well as transitions from the fundamental band, were investigated. [START_REF] Noll | Titan's 5 µm spectral window: Carbon monoxide and the albedo of the surface[END_REF][START_REF] Lellouch | Titan's 5-µm window: observations with the Very Large Telescope[END_REF][START_REF] López-Valverde | Carbon monoxide fluorescence from Titan's atmosphere[END_REF] Currently, [START_REF] Hörst | Titan's atmosphere and climate[END_REF] the most accurate values of the VMR of carbon monoxide come from ground-based measurements using the Submillimeter Array, [START_REF] Gurwell | Submillimeter observations of Titan: Global measures of stratospheric temperature, CO, HCN, HC 3 N, and the isotopic ratios 12 C/ 13 C and 14 N/ 15 N[END_REF] from the SPIRE instrument on the Herschel satellite, [START_REF] Courtin | First results of Herschel-SPIRE observations of Titan[END_REF] and the Composite Infrared Spectrometer (CIRS) on board the Cassini probe [START_REF] Kok | Oxygen compounds in Titan's stratosphere as observed by Cassini CIRS[END_REF] and are given by (5.1 ± 0.4) ×10 -5 , (4.0 ± 0.5) ×10 -5 and (4.7 ± 0.8) ×10 -5 , respectively. In all these investigations, the experimental values [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Semmoud-Monnanteuil | Pressure broadening of millimeter lines of carbon monoxide[END_REF][START_REF] Bouanich | Direct measurements of N 2 broadened linewidths in the CO fundamental at low temperatures[END_REF][START_REF] Varanasi | Diode laser measurements of CO line widths at planetary atmospheric temperatures[END_REF] of the pressure broadening coefficients of the N 2perturbed CO lines were necessary to properly interpret the measured spectra.

Carbon monoxide was also detected in the nitrogendominated [START_REF] Broadfoot | Ultraviolet spectrometer observations of Uranus[END_REF] atmosphere of Triton, the largest moon of Neptune. [START_REF] Lellouch | Detection of CO in Triton's atmosphere and the nature of surface-atmosphere interactions[END_REF] The ground-based spectroscopic observations of Triton in the 2.32-2.37 µm region, using the European Southern Observatory Very Large Telescope (ESO VLT), determined the abundance of CO and CH 4 to be at a level of a few hundredths of a percent of that of the nitrogen. Accurate information about the relative abundance of CO and CH 4 is especially needed for the analysis of seasonal changes of Triton's atmosphere [START_REF] Elliot | Global warming on Triton[END_REF] and could be a subject of interest for future orbital missions to Neptune. [START_REF] Fletcher | Ice giant systems: The scientific potential of orbital missions to Uranus and Neptune[END_REF] The atmosphere of Pluto shares some similarities to those of Triton and Titan, as consists mostly of nitrogen, with trace amounts of methane (0.25%) and carbon monoxide. 39 Searches for the CO features in the atmospheric spectra of Pluto were subjects of various investigations in the millimeter [START_REF] Barnes | A search for CO emission from the Pluto-Charon system[END_REF][START_REF] Bockelée-Morvan | Search for CO gas in Pluto, Centaurs and Kuiper Belt objects at radio wavelengths[END_REF][START_REF] Greaves | Discovery of carbon monoxide in the upper atmosphere of Pluto[END_REF][START_REF] Lellouch | Detection of CO and HCN in Pluto's atmosphere with ALMA[END_REF] and near-IR ranges. [START_REF] Young | Upper limits on gaseous CO at Pluto and Triton from highresolution near-IR spectroscopy[END_REF][START_REF] Lellouch | High resolution spectroscopy of Pluto's atmosphere: detection of the 2.3µm CH 4 bands and evidence for carbon monoxide[END_REF] The analysis of the pure rotational R(2) line by Lellouch et al. indicated a CO mole fraction of 515 ± 40 ppm for a surface pressure of 12 µbars. [START_REF] Lellouch | Detection of CO and HCN in Pluto's atmosphere with ALMA[END_REF] A c c e p t e d m a n u s c r i p t

As a molecular complex, the CO-N 2 system was a subject of thorough theoretical and experimental investigations throughout past years. The first pure rotational spectra of the CO-N 2 complex were observed in 1996 [START_REF] Xu | Continuous slit-jet infrared spectrum of the CO-N 2 complex[END_REF][START_REF] Kawashima | Pulsed molecular beam infrared absorption spectroscopy of the N 2 -CO complex[END_REF] in the IR region. These works were followed by studies of the microwave and millimeter transitions in the complex, [START_REF] Xu | Microwave and millimeter wave study of ortho-N 2 states of CO-N 2[END_REF][START_REF] Xu | The dynamics of the CO-N 2 interaction: Strong coriolis coupling in CO-paraN 2[END_REF][START_REF] Surin | Detection of the bending vibration of the CO-orthoN 2 complex[END_REF][START_REF] Surin | Millimeter-wave study of the CO-N 2 van der Waals complex: new measurements of CO-orthoN 2 and assignments of new states of CO-paraN 2[END_REF][START_REF] Surin | A new millimeterwave observation of the weakly bound CO-N 2 complex[END_REF] and several studies devoted to the transitions in the IR region. [START_REF] Xia | Infrared spectrum of the CO-N 2 van der Waals complex: Assignments for CO-para-N 2 and observation of a bending state for CO-ortho-N 2[END_REF][START_REF] Rezaei | A new look at the infrared spectrum of the weakly bound CO-N 2 complex[END_REF] We recall also two very recent studies of this complex in the millimeter range, [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Tarabukin | Millimeter-wave detection of doubly excited bending mode in the CO-N 2 van der Waals complex[END_REF] which provided an accurate test of the recently reported PESs. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] The theoretical investigations on the CO-N 2 complex were reviewed in more detail in a previous paper. [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] Here, we only recall the importance of the study conducted by Fišer and Polák, [START_REF] Fiser | An ab initio study of the CO-N 2 complex[END_REF] who investigated multiple orientations of the complex using the coupled-cluster singles and doubles including connected triple corrections [CCSD(T)] and Møller-Plesset (MP) perturbation theory up to fourth order. The first fourdimensional (4D) PES was reported by Karimi-Jafari et al., [START_REF] Karimi-Jafari | Intermolecular potential energy surface of the N 2 -CO dimer: Ab initio investigation and analytical representation[END_REF] who employed the MP4 method with a basis set obtained from the Dunning's aug-cc-pVQZ basis set. In this investigation, the g and f functions were removed from the original basis set and, additionally, a set of 3s3p2d1f midbond functions was used. Nonetheless, as it was stated in Ref. 57, due to the method used, reduction of the basis set and too small number of grid points chosen by the authors, this PES should not be considered reliable enough to study various physical phenomena. Recently, three highly accurate PESs were reported. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] Liu et al. [START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] calculated a 5D PES using the CCSD(T)-F12 method and the aug-cc-pVQZ basis set, claiming the discrepancies between theoretical and experimental energies of the IR transitions of the CO-N 2 complex to be smaller than 0.068 cm -1 . Surin et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] reported a 4D PES calculated using the standard CCSD(T) method and the aug-cc-pVQZ basis set, supplemented with 3s2p1d midbond functions. The accompanying experimental results enabled the authors to assign several newly detected transitions. However, some significant discrepancies between the calculated and experimental rotational states were observed. The third, more recent potential, [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] was calculated using the CCSD(T) method with the aug-cc-pVQZ basis set, extended with the 3s3p2d1f1g midbond functions. This 4D PES was fit to an analytical expression, [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] which performs well for geometries where the interaction energy does not exceed 100 µE h . The agreement between the theoretical and experimental values of the energy levels is significantly better than for all the aforementioned PESs.

Collisional broadening of the CO lines by nitrogen molecules has been studied in detail both theoretically and experimentally. A majority of the experimental data refers to the lines in the fundamental band of CO. [START_REF] Bouanich | Direct measurements of N 2 broadened linewidths in the CO fundamental at low temperatures[END_REF][START_REF] Varanasi | Diode laser measurements of CO line widths at planetary atmospheric temperatures[END_REF] N 2 -perturbed CO lines were also measured for the first [START_REF] Bouanich | Pressure-induced lineshifts in the 2 ← 0 band of CO self-perturbed and perturbed by He, Kr, O 2 , and N 2[END_REF][START_REF] James | Linewidths in the 2-0 band of carbon monoxide broadened by nitrogen and hydrogen[END_REF][START_REF] Bouanich | Mesure des largeurs et des deplacements des raies de la bande 0 → 2 de CO autoperturbé et perturbé par N 2 , O 2 , H 2 , HCl, NO et CO 2[END_REF][START_REF] Bouanich | Lineshifts in the first overtone band of CO self-perturbed and perturbed by N 2 at 298, 193, and 133 K[END_REF][START_REF] Voigt | N 2 -broadening in the 13 C 16 O 2-0 band around 4167 cm -1[END_REF][START_REF] Predoi-Cross | Broadening, shifting, and line asymmetries in the 2←0 band of CO and CO-N 2 : Experimental results and theoretical calculations[END_REF] and second overtones. [START_REF] Bouanich | Linewidths of carbon monoxide selfbroadening and broadened by argon and nitrogen[END_REF][START_REF] Burch | Strengths, widths, and shapes of the lines of the 3ν CO band[END_REF][START_REF] Henningsen | The 0 → 3 overtone band of CO: Precise linestrengths and broadening parameters[END_REF][START_REF] Predoi-Cross | Temperature dependence of self-and N 2 -broadening and pressureinduced shifts in the 3←0 band of CO[END_REF] In the case of pure rotational transitions, the pressure broadening coefficients of the N 2 -perturbed lines were determined for the first five R lines of CO. The first measurements of the nitrogen-, oxygen-and air-broadened widths of the R(0) line were reported by Connor and Radford, [START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF] and by Colmont and Monnanteuil. [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF] These results were refined by Nissen et al. [START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF] in a comparative study of foreign gas pres-sure broadening of the R(0) line, using Fourier-transform and radio-acoustical detection spectrometers. There are also a few papers regarding foreign gas broadening of the R(1), 32 R(2) 100 and R(4) 101,102 CO lines, in which a temperature dependence of the N 2 broadening coefficients was determined. Puzzarini et al. 103 reported a thorough study of various lineshape models in the analysis of the N 2 -and O 2 -broadened R(0-3) lines at 296 K. The pressure broadening coefficients of the N 2 -perturbed CO lines from the S branch were also determined using coherent anti-Stokes Raman scattering (CARS) spectroscopy. 104 It has been recently shown for a benchmark system of helium-perturbed H 2 , that a full ab initio description of the shapes of rovibrational transitions leads to subpercent agreement with experimentally measured spectra. 105 This successful theoretical approach is based on a very accurate PES, determined from first principles, 106,107 quantum scattering calculations and a state-of-the-art model of collision-perturbed shape of rovibrational resonance, [108][109][110][111] which includes the speed dependence of line broadening and shift 112 and the influence of velocity changing collisions. [START_REF] Dicke | The effect of collisions upon the Doppler width of spectral lines[END_REF] Helium-perturbed H 2 lines were subjects of several recent investigations. In Ref. 114 the influence of PESs' quality on shapes of particular rovibrational lines was studied in detail. The most accurate PES for this system and line-shape parameters for the rovibrational Q lines were reported in Ref. 107. Shapes of optical resonances from the O and S branches were determined in Ref. 115. Importance of centrifugal distortion (the dependence of the radial coupling terms of the PES on the rotational quantum number) was studied in Ref. 116. Finally, the first comprehensive database of the line-shape parameters (broadening, shift, their speed dependence and the complex Dicke parameter), generated from ab initio calculations, was reported in Ref. 117. The same methodology was applied to the cases of helium-perturbed lines of HD 118,119 and D 2 . 120,121 Recently, subpercent agreement with the experimental shapes of Ar-perturbed rovibrational lines in CO was achieved. 122 Here, we report the ab initio quantum scattering calculations of the collision-perturbed shape of the molecular line for a system that is relevant for the terrestrial atmosphere. We investigate the width of the N 2 -perturbed pure rotational R(0) line in CO. Scattering calculations are performed using three PESs. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] Our results are in good agreement with the available experimental data. [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF][START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF]103 The shape of the pure rotational R(0) line is dominated by the collisional broadening, which is two orders of magnitude larger than the pressure induced shift. Hence, in this paper we do not consider the pressure shift coefficient. Due to the complex structure of the close-coupled (CC) equations and a large number of channels that must be taken into account, the equations are solved using the coupled states approximation (CSA). 123 The paper is organized as follows: in Sec. II we briefly describe the PESs used in the calculations. In Sec. III we discuss the details of the scattering calculations and we analyze the obtained generalized spectroscopic cross sections. In Sec. IV we describe the calculations of the pressure broadening coefficient and in Sec. V we compare our results with the experimental data. The accuracy of our calculations we discuss in Sec. VI and in Sec. VII we summarize our results.

II. POTENTIAL ENERGY SURFACE

A PES for a system consisting of two rigid diatomic molecules (A and B) depends on four variables: the intermolecular distance between the centers of mass of the molecules, R, the angles between each of the molecular axes and the intermolecular axis, θ A and θ B , and the dihedral angle, φ . Let us identify subscripts A and B with CO and N 2 molecules, respectively. The definition of the angles is presented in Fig. 1. Contrary to the PESs of Surin et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] and Cybulski et al., [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] which are 4D, the PES of Liu et al. [START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] additionally takes into account the stretching of the CO molecule. However, for the purpose of these calculations (we investigate a pure rotational transition in the ground vibrational state of CO), we do not consider any changes of the intramolecular distance of the molecule. In order to reduce the potential to a form suitable for the scattering calculations, the 4D PES is expanded over bispherical harmonics:

V (R, θ A , θ B , φ ) = ∑ l A ,l B ,l A l A ,l B ,l (R)I l A ,l B ,l (θ A , θ B , φ ). (1) 
The radial terms of the potential are denoted as A l A ,l B ,l and the bispherical harmonics, I l A ,l B ,l , are defined as:

I l A ,l B ,l (θ A , θ B , φ = φ A -φ B ) = (2) 2l + 1 4π ∑ m (l A m l B -m|l A l B l 0)Y l A ,m (θ A , φ A )Y l B ,-m (θ B , φ B ),
where Y l i ,m (θ i , φ i ) are spherical harmonics and (l i m l j -m|l i l j l 0) are the Clebsch-Gordan coefficients.

In the case of the CO-N 2 system, l A is a non-negative integer, l B is a non-negative integer that takes only even values and l satisfies the triangular condition

|l A -l B | ≤ l ≤ l A + l B .
Additionally, the sum of these three indices is an even integer.

The radial terms of the potential, A l A ,l B ,l (R), are obtained by the integration of the product of the bispherical harmonics and the full PES, over the angles θ A , θ B and φ : 124

A l A ,l B ,l (R) = 8π 2 2l + 1 2π 0 dφ π 0 dθ A sin θ A π 0 dθ B sin θ B (3) V (R, θ A , θ B , φ )I l A ,l B ,l (θ A , θ B , φ )
In the cases of Liu's 58 and Surin's [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] PESs, we used their analytical fits. In the case of Cybulski's PES, [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] the reliable fit is limited to energies smaller than 100 µE h , hence, we interpolated the original 10 000 energy points (which covered the intermolecular distances from 5.0 to 30.0 a 0 ) with the reproducing kernel Hilbert space method (RKHS). 125 The values of the smoothness parameter, n, and the parameter which determines the long-range behavior of the radial terms, m, were set to the same values as the ones used in the paper of Surin et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] Finally, all the three PESs were prepared in a form of 205 radial terms, up to the term with l A = 10, l B = 8 and l = 18. The grid of the intermolecular distances for which the radial terms were calculated, consisted of 230 points, from 4.25 a 0 to 50 a 0 . Fig. 2 presents a comparison between isotropic and (two) anisotropic contributions to the three PESs in the vicinity of the minimum of the isotropic component. 

FIG. 2. Comparison between isotropic (l A

, l B , l = 0, 0, 0, solid lines) and anisotropic (l A , l B , l = 1, 0, 1, dashed lines and l A , l B , l = 2, 2, 4, dotted lines) radial terms of the three considered PESs. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] The two curves corresponding to the isotropic terms of the Surin's and Liu's PES, as well as the curves representing the anisotropic terms for all the three PESs, are overlapping.

III. QUANTUM SCATTERING CALCULATIONS

The quantum scattering theory of two rigid diatomic molecules in a 1 Σ electronic state is well known and thoroughly discussed in the literature. 124,[126][127][128][129] Here we briefly summarize the issue and we connect the results of the scattering calculations with the generalized spectroscopic cross section.

The total wavefunction of the system is expanded in a basis set discussed in Ref. 124 or in Ref. 129. The expansion separates the intermolecular distance and the angles describing the geometry of the two diatomics. A substitution of the expanded form of the wavefunction into the Schrödinger equation leads to a set of CC equations for the radial part of the total wavefunction (see Eq. ( 9) in Ref. 124). The equations are solved numerically for a wide range of kinetic energies. Boundary conditions on the radial part of the total wavefunction connect the solutions of the coupled equations with the A c c e p t e d m a n u s c r i p t scattering S-matrix (see Eq. ( 11) of Ref. 128). The elements of the scattering S-matrix enter the formulas for the generalized spectroscopic cross section, whose real and imaginary parts are called the pressure broadening and shift cross section, respectively. 130,131 In contrast to simpler systems of moleculeatom 107,115,120,132 or molecule-molecule with large rotational constants, 109 for a system of two diatomic molecules typical for Earth's atmosphere, the number of basis levels (necessary to converge numerical calculations) grows considerably with the relative kinetic energy of the colliding pair. At present, this effectively hinders the possibility to study the room-temperature collisions. The memory resources and the CPU time required to perform such calculations exceed capabilities of typical work stations. It has enforced us to use an approximate method of solving the CC equations.

There are several well-known methods for simplifying the coupled equations. 123,[133][134][135][136][137][START_REF] Depristo | A decoupled l-dominant approximation for ion-molecule and atom-molecule collisions[END_REF][START_REF] Depristo | Limits of validity of the decoupled l-dominant approximation[END_REF][START_REF] Depristo | Decoupling approximations for rotationally inelastic collisions between ions and polar molecules: H + -CN[END_REF][141] In this work we have made use of the widely used coupled states (CS) approximation. 123 The theory behind the formulas is well-known and the review of the literature can be found in Chapter 9 of Ref. 142.

In the body-fixed frame of reference, the relative angular momentum operator, l 2 , couples channels with different values of the projection of the j 12 angular momentum, Ω, on the intermolecular axis, where j 12 is the result of coupling of the rotational angular momentum of the two diatomic molecules, j 12 = j 1 + j 2 . Within the most common version of the CS approximation, the off-diagonal matrix elements of the relative angular momentum operator, l 2 , coupling different values of Ω, are neglected. This leads to the coupled equations that are diagonal with respect to this quantum number and immensely speeds up the calculations. Additionally, a new quantum number, l, which approximates the diagonal matrix elements of the relative angular momentum operator as l( l + 1), is introduced. This quantum number is used instead of the total angular momentum, J. Finally, within the CS approximation, the coupled equations are block-diagonal with respect to l and Ω.

The rest of the procedure is similar to the case without the approximations. The S-matrix elements (connected with the space-fixed S-matrix elements by a unitary transformation, see Eq. ( 44) of Ref. 143 and the discussion therein) are obtained and the generalized spectroscopic cross section is calculated. Due to the unitary transformation between the Smatrix elements obtained within the CS approximation and calculated exactly in the space-fixed frame of reference, the formula for the generalized spectroscopic cross section is quite different (see Eq. ( 96) of Ref. 144):

σ q 0 ( j i , j f , j i , j f , j 2 , E kin ) = (4) × π k 2 2 j i + 1 2 j i + 1 ∑ l,Ω,Ω ∑ j 2 , j 12 , j 12 , j12 , j 12 (-1) j 12 + j 12 + j12 + j 12 ×(2 l + 1) [ j 12 ] j 12 [ j12 ] j 12 j 12 j 12 q Ω -Ω Ω -Ω × j 12 j12 q Ω -Ω Ω -Ω j 12 j
12 q j i j f j 2 j 12 j12 q j i j f j 2 [δ j 12 j 12 δ j12 j 12

δ j i j i δ j f j f δ j 2 j 2 - j i j 2 j 12 |S CS lΩ (E T i )| j i j 2 j 12 j f j 2 j12 |S CS * lΩ (E T f )| j f j 2 j 12 ],
where [x] = 2x +1, the quantities in parenthesis are Wigner 3-j symbols and the quantities in braces are Wigner 6-j symbols.

If line-mixing effects are not considered, the cross sections are calculated with j i = j i and j f = j f , which denote the initial and final states, respectively, of the spectroscopic transition.

For the dipole R line analyzed in this work, the tensor order of the radiation-matter interaction, q, is equal to 1.

The results presented here were obtained by solving the coupled equations, within the CS approximation, using MOLSCAT code. 145 The modified log-derivative algorithm of Manolopoulos 146 was used, with propagation beginning deeply in the repulsive wall of the potential at R = 4.25 a 0 and ending at R = 100 a 0 . The radial coupling terms of the PES were extrapolated for R > 50 a 0 in a C n /R n form, where C n and n were obtained from the fit using the long range part of the A l A ,l B ,l (R) terms. We took advantage of the fact that there are two spin isomers of nitrogen molecule, which give rise to two different symmetries of the rotational wavefunction. ortho-N 2 , with total nuclear spin I = 0 or I = 2, exhibits a rotational structure which involves only even j values, while para-N 2 , with I = 1, yields rotational levels which correspond to odd j values. This allowed us to perform scattering calculations with these two species independently, and, thus, to reduce the basis set. At least two asymptotically closed levels (( j 1 ; j 2 ) states, the energy of which is larger than the total energy of the scattering system and are thus energetically inaccessible at large intermolecular distances) were kept throughout the calculations. The rotational energy levels of both molecules were taken from HITRAN database. 147 The generalized spectroscopic cross sections were obtained using the newly developed FORTRAN code. 148 It is difficult to obtain, for a given relative kinetic energy, converged values of the imaginary part of σ 1 0 . The pressure shift cross section is very sensitive to the range and step of the propagator and the number of asymptotically closed channels in the basis set (see Sec. ) to these factors is especially pronounced in the molecule-molecule scattering systems and might lead to relatively large uncertainties of the resulting pressure shift coefficients. This is the case for, analyzed here, the N 2 -perturbed pure rotational R(0) line in CO. However, the pressure shift is at least two orders of magnitude smaller than the collisional broadening of this particular line and it has not been detected in any experiment. [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF][START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF]103 A c c e p t e d m a n u s c r i p t Thus, in this study, we focus on the real part of σ 1 0 and the resulting pressure broadening coefficient, γ (see Eq. ( 6)).

We begin the discussion with a comparison of the pressure broadening cross sections obtained using three different PESs. Fig. 3 presents the dependence of σ 1 0 on kinetic energy for j 2 = 0. For this particular value of j 2 , we were able to calculate the cross sections for the widest range of relative kinetic energies. As it can be seen in Fig. 3, all the three PESs result in almost the same values of the pressure broadening cross sections (the largest relative difference between the cross sections is at a level of 1.5%). The same situation occurs for higher values of j 2 , with relative differences between the values of σ 1 0 obtained with different PESs being at the level of 1%. Due to very small differences between the pressure broadening cross sections, in the following analysis we will focus on the results obtained with the PES of Cybulski et al. 
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FIG. 4. Pressure broadening cross sections as a function of relative kinetic energy for several values of j 2 . The cross sections were calculated using the PES of Cybulski et al. [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] Fig. 4 presents the kinetic energy dependence of the calcu-lated generalized spectroscopic cross sections for various rotational levels of the perturber, j 2 . The range of the kinetic energies, for which the calculations of σ 1 0 are feasible, strongly depends on j 2 . For example, for j 2 = 0, we were able to calculate the cross sections up to kinetic energy values of 400 cm -1 , for j 2 = 7 up to 250 cm -1 , and for j 2 = 12 up to 120 cm -1 . We note that at large kinetic energies the dependencies are linear on the log-log plot. This type of relation has already been reported in the studies of the argon-perturbed CO lines 122,149,150 as well as in the studies of the Ar-perturbed CO 2 151 or H 2perturbed N 2 152 isotropic Raman lines. Moreover, it is seen from Fig. 4 that, for a given relative kinetic energy, the pressure broadening cross sections become j 2 -independent for larger j 2 . A tentative explanation for such behavior of the cross sections is as follows. The PBXS for this system is essentially determined by the contribution from the inelastic state-to-state cross sections (fact that we have checked making use of the random phase approximation 151,153,154 ). This is even more evident for larger j 2 values, since the N 2 molecule rotates faster and averages the long range anisotropic components of the PES, resulting in a small elastic dephasing contribution. Therefore, large j 2 values mostly sample the same, short range (repulsive) part of the PES. We thus observe small differences between the PBXS for large j 2 values. This phenomenon was already noticed for several moleculemolecule systems. [152][153][154] For instance, in the study of C 2 H 2 -H 2 system, 153 a very weak j 2 -dependence of the cross sections for kinetic energies larger than 500 cm -1 was reported (see Fig. 3 in Ref. 153 and the discussion therein). In fact, during the calculations of the thermally-averaged pressure broadening coefficient at temperatures larger than 500 K, the cross sections for j 2 > 3 were taken as the mean value of σ q 0 with j 2 = 1, 2 and 3. Similar observation about less pronounced j 2 -dependence of σ q 0 at large relative kinetic energies were reported in the studies of the N 2 -H 2 and N 2 -N 2 systems (see Fig. 1 The conclusion that σ 1 0 (E kin ) obeys the power law allows us to extrapolate it for large kinetic energies. We fit the ab initio values of σ 1 0 to the single power law:

σ 1 0 (E kin ) = A E 0 E kin b , (5) 
where E 0 = 100 cm -1 . The cut-off energies are set from 30 to 180 cm -1 , depending on the value of j 2 . In the case of the extrapolation with respect to the rotational quantum numbers of the perturber, we make use of another observation, that for large values of j 2 , for a given kinetic energy, the σ 1 0 cross section converges to a constant value. Thus, we use the following procedure to determine σ 1 0 for given j 2 and E kin : for j 2 < 12, σ 1 0 (E kin , j 2 ) is obtained by fitting the expression given in Eq. ( 5) to the results of the quantum scattering calculations. For j 2 values larger than 12, we assume that σ 1 0 (E kin , j 2 ) = σ 1 0 (E kin , j 2 = 12). Figs. 5 and6 demonstrate the extrapolation procedure for given j 2 and E kin , respectively. In Fig. 5, we present the ab initio and fitted values of σ 1 0 for j 2 = 0 and j 2 = 7. As noticed in the previous section, the power-law fit works well at FIG. 5. Kinetic energy dependence of σ 1 0 for j 2 = 0 and j 2 = 7. The solid and dashed curves correspond to the ab initio and fitted (see Eq. ( 5)) values, respectively. For reference, we put the Maxwell-Boltzmann distribution at 298.15 K (gray curve). sufficiently large values of E kin . In Fig. 6, we show the values of the cross sections as a function of the rotational levels of the perturber, for three kinetic energies: E kin = 100, 200 and, 300 cm -1 . We note, following the discussion of Fig. 4, that the j 2 -dependence of the cross sections becomes less pronounced as j 2 increases. For these three particular values of E kin , the cross sections for j 2 > 5 differ from each other by less than 0.6%.

In Table I we show the calculated parameters of the powerlaw fit for j 2 < 13 for the three different PESs. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] This data can be used to reproduce the shape of the R(0) pure rotational line with different line-shape models (not considered here). Again we can see that the three analyzed PESs lead to almost the same generalized spectroscopic cross sections and that the dependence of the coefficient of the fit on j 2 is negligible for j 2 > 5.

IV. LINE-SHAPE PARAMETERS

Generalized spectroscopic cross sections are used to calculate the pressure broadening coefficients at a given temperature T , using the following formula: 109

γ(v) = 1 2πc 1 k B T ∑ j 2 p j 2 2 π vp v (6) ×Re ∞ 0 dv r v 2 r e - v 2 +v 2 r v2 p sinh 2vv r v2 p σ 1 0 ( j i , j f , j 2 , v r ),
where v is the speed of the active molecule, v p denotes the speed of the perturber with the most probable value vp = 2k B T /m p , and their relative speed v r with the mean value vr . m p and k B are the mass of the perturber and Boltzmann constant, respectively. p j 2 denotes the population of the perturbing molecule in a rotational state j 2 (at a given tempera- 

p j 2 = 1 Z(T ) w j 2 (2 j 2 + 1)e - E j 2 k B T , (7) 
and Z(T ) is the partition function

Z(T ) = ∑ j 2 w j 2 (2 j 2 + 1)e - E j 2 k B T . (8) 
In order to cover 99% of the population of the perturber's rotational states at room temperature, one should extend the calculations up to j 2 = 22. The weight w j 2 comes from the symmetry of the total wavefunction of the nitrogen molecule and the degeneracy of the total nuclear spin, I. The nitrogen nucleus is a boson with the nuclear spin equal 1, which gives the resultant total nuclear spin of the N 2 molecule I = 0, 1 or 2. For I = 0 and I = 2 (ortho-N 2 ), only even values of the rotational quantum number of N 2 , j 2 , are possible. This corresponds to the value of w j 2 = 6. para-N 2 has the total nuclear spin I = 1, with only odd values of j 2 allowed. In this case w j 2 = 3. Speed-averaged values of the pressure broadening coefficients (γ 0 ) are obtained either by averaging Eq. ( 6) over the velocity distribution of the active molecule or directly from the generalized spectroscopic cross sections: 109

γ 0 = 1 2πc 1 k B T vr × ∑ j 2 p j 2 Re ∞ 0 dxxe -x σ q 0 ( j i , j f , j 2 , x = E kin /k B T ). (9) 
In Fig. 7, we compare the speed-dependent, Eq. ( 6), and speed-averaged, Eq. ( 9), values of the pressure broadening coefficient at 298.15 K. We also plot the Maxwellian distribution, which enters Eq. ( 9) and determines the speed-averaged value of the broadening coefficient.

To compare our calculations with the experimental data, the influence of the speed dependence of the line broadening on the collision-perturbed profile should also be taken into account. The speed dependence of the broadening is manifested as line narrowing, i.e., the effective width of the profile is smaller than γ 0 . To account for this effect, we simulated the shape of the line with the weighted sum of Lorentz profiles (WSLP) and fitted the simulated profile with a simple Lorentz profile. The fitted width of the Lorentz profile (denoted here as γ † ) corresponds to the values that are obtained from the experiments. [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF][START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF]103 The influence of the speed dependence of the collisional shift is negligible for this system.

Here, we recall that the line-shape parameters are related to the standard, pressure-dependent broadening coefficients by Γ = γ p, where p denotes the pressure.

V. COMPARISON WITH THE EXPERIMENTAL DATA

In this section, we compare the obtained pressure broadening coefficients with the available experimental data. [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF][START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF]103 Connor and Radford [START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF] broadening coefficients for the N 2 -, O 2 -and air-broadened R(0) lines in CO. The measurements were performed for several temperatures in the range from 202 K to 324 K and the results were fitted to the empirical power law relation:

γ(T ) = C T 0 T d , (10) 
A c c e p t e d m a n u s c r i p t 10)). Dagger symbol, †, denotes the results obtained after the inclusion of the speed-dependence of the broadening (see black curve in Fig. 8). Values in parenthesis correspond to the standard deviation error of the parameters. PES C (MHz Torr -1 ) d Surin et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] 3.44(8) 0.71(14) Cybulski et al. [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] 3.45(7) 0.71(14) Liu et al. [START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] 3.43(8) 0.71(14) Surin et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] where T 0 = 300 K is a specific reference temperature. The study conducted by Colmont and Monnanteuil 31 was performed in a slightly narrower temperature range, from 220 K to 293 K. The authors derived the values of the fitting coefficients from Eq. ( 10) for the cases of self-, N 2 -, O 2 -and airbroadened CO R(0) line, setting T 0 = 293 K. Over ten years later, Nissen et al. [START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF] reported results of the joint study conducted by the Kiel and Nizhny Novogrod groups. In this investigation, collisional broadening of the R(0) line in CO by several buffer gases was studied by using two experimental techniques in the time and frequency domain. The frequencydomain data was obtained using radio acoustical detection (RAD) spectrometer for the temperature range from 230 K to 300 K, while the time-domain data was acquired using a Fourier transform spectrometer in the millimeter wave region (FTMMW) at one temperature T = 296 K. Puzzarini et al. 103 conducted a thorough study of self-and foreign-gas broadening of the R(0-3) lines in the CO ( 12 CO and 13 CO) molecules. The authors analyzed the shapes of the measured rovibrational lines using the Voigt, Galatry 155 and Rautian 156 profiles at 296 K. Fig. 8 presents the comparison between the theoretical and experimental collisional width of the R(0) line of CO perturbed by N 2 at various temperatures. In the case of the theoretical values, we present the speed-averaged pressure broadening coefficient, γ 0 , and the effective collisional width of the line, γ † , as described in Sec. IV. In order to quantitatively compare the theoretical temperature dependence of the collisional width, we chose to present the power law dependence of γ(T ) by using coefficients fitted with Eq. (10). The theoretical and experimental values of the C and d coefficients are collected in Tab. II.

The agreement between the theoretical and most of the experimental values [START_REF] Colmont | Self, nitrogen and oxygen broadening of the 115-GHz line of carbon monoxide[END_REF][START_REF] Nissen | Foreign gas broadening studies of the J'→J = 1→0 rotational line of CO by frequency and time domain techniques[END_REF]103 is very good. An exception is a slight difference between the theoretical collisional width and the results reported by Connor and Radford. [START_REF] Connor | Pressure broadening of the CO J = 1-0 rotational transition by N 2 , O 2 , and air[END_REF] The inclusion of the speed-dependence of collisional broadening through the WSLP leads to significantly better agreement with the experimental data.

VI. ACCURACY OF THE CALCULATIONS

In this section we discuss the sources of the uncertainty of the pressure broadening coefficients reported in this paper. First, we analyze the sources of the uncertainty of the calculated generalized spectroscopic cross sections, originating from the coupled states approximation, the initial parameters of the chosen propagator and the number of the closed levels used in the calculations. In the next step, we discuss the possible error originating from extrapolation of the kinetic energy dependence of the cross sections and, finally, we discuss the influence of neglecting the resonances observed at low kinetic energies. The resulting total uncertainty of the pressure broadening coefficient corresponds to the shaded area in Fig. 8.

The most important contribution to the uncertainty of the final results comes from the coupled states approximation used while solving the coupled equations. The accuracy of the generalized spectroscopic cross sections calculated within this approximation have been thoroughly discussed in the literature. 151,[157][158][159] For instance, Roche et al. 157 have reported that for low j values of the active molecule and relatively small values of kinetic energies, the cross sections calculated within the CS approximation are underestimated by about 15%. However, as was confirmed in other studies using this approximation, i.e., in the cases of the molecule-molecule systems, the CS approximation works better in the domain of large kinetic energies and for larger values of j 2 .

We have made several tests to check how much the CC and CS generalized spectroscopic cross sections differ. Overall, the agreement between the approximate and exact cross sections is better than previously reported in the literature. The largest relative difference between the CC and CS cross sections in the analyzed energy domain is about 5.8% for E kin = 150 cm -1 and j 2 = 2. Apart from j 2 = 0, where the CS cross sections are underestimated by about 4.5%, the approximate cross sections are slightly larger than the CC values. The largest j 2 value, for which we could make such a comparison was j 2 = 7, where we calculated the cross sections for E kin = 65 cm -1 . Indeed, the CS works better for larger values of j 2 , although we have not observed any sign of convergence of the approximate cross sections to the exact values of σ 1 0 . To estimate the error introduced by the CS calculations, we took the relative differences between the CC and CS cross sections from those tests and averaged them with the statistical weights coming from the population of the nitrogen molecule in the considered temperature range. This resulted in an estimated error of 2.7% coming from the approximate method of solving the coupled equations.

Another contribution to the uncertainty of the results originates from the initial parameters of the propagator that is used to solve the coupled equations. Let us remind that we have used the hybrid log-derivative propagator of Manolopoulos,146 which can be controlled by choosing the starting (R min ) and end point (R max ) of the propagation, as well as the step size. The choice of the starting point of the propagation is driven by two factors. On the one hand, the propagation process should start possibly deep in the classically forbidden region, where the PES is strongly repulsive.

A c c e p t e d m a n u s c r i p t

On the other hand, the quantum chemical methods, such as CCSD(T), are less reliable there since in the short-range region convergence problems tend to occur. This, obviously, affects the accuracy of the radial terms of the PES, that enter the coupled equations. Therefore, one needs to find a starting point which is a compromise between these two restrictions. In this study, we set R min = 4.25 a 0 , which corresponds to the shortest ab initio distance in the R-grid of Surin's PES et al. [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF] We performed additional tests to check if a decrease in the value of R min to 4.0 a 0 or 3.5 a 0 has any significant influence on the values of the generalized spectroscopic cross sections. Since the calculated σ 1 0 have remained unchanged in those additional runs, we can state that this parameter is chosen properly.

The propagation should end in the region where the radial terms of the PES vanish and boundary conditions can be applied, and we used R max = 100 a 0 in our calculations. We have also performed additional tests to check how increasing (up to 200 a 0 ) or decreasing (down 75 and even 50 a 0 ) this parameter influences the generalized spectroscopic cross sections. The tests confirmed that increasing this parameter does not produce any significant difference in σ 1 0 and the decrease of this parameter to 50 a 0 affects the pressure broadening cross section by less than 0.01%. We conclude that the range of the propagation has been chosen properly and does not contribute to the final error of the collisional broadening reported here.

A change of the step size of the propagator mainly influences the collisional shift of the spectral line shape, which we do not consider here. Usually, the step size should be inversely proportional to the square root of the relative kinetic energy. However, an appropriate choice of the step size becomes significant for kinetic energies smaller than 40 cm -1 , where resonant structures make obtaining the convergence of the cross sections very difficult. In the kinetic energy domain considered here, the error introduced by the step size of the propagator is insignificant.

As mentioned in Sec. III, in all the calculations, we kept at least two asymptotically closed levels. In the considered relative kinetic energy domain this should be sufficient, but we have performed tests to check how additional closed levels (up to 6) influence the values of the pressure broadening cross section. The additional asymptotically closed levels changed the pressure broadening cross section up to about 0.7% of its referential value (for j 2 values larger than 7).

To summarize, the total uncertainty of the calculated pressure broadening cross sections is estimated at a level of 3.5%.

Another important contribution to the uncertainty of the pressure broadening coefficient originates from the extrapolation of the kinetic energy dependence of σ 1 0 . Let us remind that for each j 2 , the power law function was fitted to the values of σ 1 0 . The cut-off energy varied from 30 to 180 cm -1 , depending on the j 2 value. In order to estimate the possible error associated with the range of the ab initio points used in the fitting procedure, we calculated the pressure broadening coefficients using the power law dependence of σ 1 0 (E kin ) fitted to the data points with E kin = 15 cm -1 . The largest relative difference between those values and the results presented here is at a level of 1%. The black line corresponds to the power law function fitted to the points for which E kin > 30 cm -1 . As a reference, we draw the Maxwell-Boltzmann distribution at 298.15 K (gray curve). These results, corresponding to j 2 = 9, were obtained using the PES of Cybulski et al. [START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] In the present study we neglected the resonant structures observed in the kinetic energy dependence of the pressure broadening cross sections. These structures occur for kinetic energies smaller than 15 cm -1 , although the exact range depends on j 2 . An example for j 2 = 9 is presented in Fig. 9. The Maxwell-Boltzmann distribution, shown in this plot, clearly justifies the neglect of the points below 15 cm -1 in the calculations of the line-shape parameters (see Eq. ( 9)) at room temperature. Nonetheless, we have performed tests to quantify the influence of taking into account all the data points, including the resonant structures. We conclude that the results (at room temperature) obtained in this way differ by about 0.5% with respect to the values reported in the previous section.

We have estimated all the possible contributions to the final error of the pressure broadening coefficient. The generalized spectroscopic cross sections are calculated with an approx. 3.5% uncertainty, which originates from the coupled states approximation (2.7%) and the contribution from the number of the closed levels taken into account while solving the coupled equations (0.7%). The cut-offs for the kinetic energies used in the power law fit introduce an estimated error of about 1%. Neglecting the resonant structures of the cross sections for kinetic energies below 10 cm -1 could affect the final results by 0.5%. Hence, the total uncertainty of the final pressure broadening coefficients is at the 5% level.

VII. CONCLUSIONS

We have presented the first-ever theoretical calculations of the pressure broadening of the pure rotational R(0) line of the N 2 -perturbed CO molecule. Starting from an ab initio PES, we performed quantum-scattering calculations. Because of the computational complexity of the coupled equations, we made use of the well-known coupled states approximation. This allowed us to obtain the generalized spectroscopic cross sections for a wide range of kinetic energies and for the values of the rotational quantum number of the perturbing molecule j 2 ≤ 12. We calculated the speed-averaged and speed-dependent values of the pressure broadening coefficient and we obtained good agreement with the experimental data.

One of the goals of this paper was to determine whether any of the previously reported PESs [START_REF] Surin | Ab initio potential and rotational spectra of the CO-N 2 complex[END_REF][START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF][START_REF] Liu | Intermolecular configurations dominated by quadrupole-quadrupole electrostatic interactions: explicit correlation treatment of the five-dimensional potential energy surface and infrared spectra for the CO-N 2 complex[END_REF] reproduces the shape of the R(0) line significantly better than the other considered PESs. Our results suggest that all three PESs lead to almost the same results and it is impossible, at this level of accuracy of the scattering calculations, to determine which one is the most accurate.

This work constitutes a large step towards theoretical investigation of other N 2 -perturbed pure rotational CO lines. Such studies are of particular importance for the physics of the terrestrial and extraterrestrial atmospheres, and for populating the spectroscopic databases, such as the HITRAN database, 147 with ab initio collisional line-shape parameters. 
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 7578 FIG. 7.Ab initio speed dependence of the collisional broadening, γ(v) (black solid line), for the N 2 -perturbed pure rotational R(0) line of the CO molecule at 298.15 K. The speed-averaged value, γ 0 , is presented as the black dashed line. For reference, we put the Maxwellian distribution at this temperature (in arbitrary units), as the grey solid curve. The results were obtained using the PES of Cybulski et al.[START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] 
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 29 FIG. 9. Resonant structures observed in the pressure broadening cross sections (red curve) for kinetic energies smaller than 15 cm -1 . The black line corresponds to the power law function fitted to the points for which E kin > 30 cm -1 . As a reference, we draw the Maxwell-Boltzmann distribution at 298.15 K (gray curve). These results, corresponding to j 2 = 9, were obtained using the PES of Cybulski et al.[START_REF] Cybulski | Ab initio study of the CO-N 2 complex: a new highly accurate intermolecular potential energy surface and rovibrational spectrum[END_REF] 
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TABLE I .

 I Coefficients obtained from the fitted cross section values with the power-law expression, Eq. (5), using three analyzed PESs. Values in parenthesis correspond to the standard deviation error of the parameters.

	j 2	Cybulski et al. 57	Surin et al. 55	Liu et al. 58
		A (Å 2 )	
	0	117.5(1.7)	116.2(1.7)	115.7(2.0)
	1	124.7(3.3)	124.3(3.3)	123.7(3.2)
	2	127.3(2.4)	127.2(2.1)	127.2(2.2)
	3	127.4(3.5)	126.9(4.2)	126.2(3.7)
	4	125.4(0.8)	124.8(0.8)	124.3(0.8)
	5	125.9(1.0)	125.2(0.7)	124.8(0.7)
	6	125.2(0.5)	124.9(0.5)	124.4(0.5)
	7	126.3(1.2)	125.9(1.2)	125.5(1.2)
	8	126.8(1.2)	126.6(1.2)	125.9(1.4)
	9	125.9(1.0)	125.4(1.1)	124.7(1.1)
	10	125.1(1.0)	125.0(0.9)	124.4(1.3)
	11	125.6(1.9)	125.3(2.2)	125.2(2.4)
	12	125.7(2.1)	125.7(2.3)	125.1(3.4)
		b		
	0	0.19(2)	0.18(2)	0.18(2)
	1	0.19(3)	0.19(3)	0.19(3)
	2	0.19(2)	0.19(1)	0.19(2)
	3	0.20(3)	0.20(4)	0.20(3)
	4	0.22(1)	0.21(1)	0.22(1)
	5	0.23(2)	0.23(1)	0.23(1)
	6	0.23(1)	0.23(1)	0.23(1)
	7	0.24(3)	0.24(3)	0.24(2)
	8	0.24(2)	0.24(2)	0.24(3)
	9	0.21(2)	0.21(2)	0.21(2)
	10	0.21(2)	0.21(2)	0.21(2)
	11	0.20(3)	0.21(3)	0.20(3)
	12	0.19(4)	0.19(5)	0.19(7)

TABLE II .

 II Comparison of the theoretical and experimental power law coefficients (Eq. (

  The C coefficient is calculated from the C and d values reported for T 0 = 293 K.

	†	3.29(7)	0.71(14)
	Cybulski et al. 57 †	3.30(7)	0.71(14)
	Liu et al. 58 †	3.28(7)	0.71(14)
	Experiment (Ref. 31) a	3.26(10)	0.86(12)
	Experiment (Ref. 98)	2.99(+14,-10)	0.74(10)
	Experiment (Ref. 99, FTMMW)	3.13(1)	0.74(2)

a 
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