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Introduction

Ethylene is a natural component of atmospheric air, which actively participates in various chemical processes. As it is also a hormone for the growth of plants, its influence on the plant biochemistry, ecology, metabolism of human beings and animals is of significant interest for several areas of research [START_REF] Cape | Effects of airborne volatile organic compounds on plants[END_REF][START_REF] Munné-Bosch | Airborne ethylene may alter antioxydant protection and reduce tolerance of holm oak to heat and drought stress[END_REF]. Because of its very high activity relative with hydroxyl radical (OH), ethylene affects the ozone concentration in the atmosphere. All these factors make it an important contaminant and, therefore, the monitoring of its atmospheric concentration, sources, and sinks is of great importance. Moreover, ethylene is also present in the atmosphere of giant planets like Jupiter [START_REF] Romani | Temporally varying ethylene emission on Jupiter[END_REF] or Neptune [START_REF] Kostiuk | Temperature and abundances in the jovian auroral stratosphere. 2. Ethylene as a probe of the microbar region[END_REF][START_REF] Griffith | Thermal infrared imaging spectroscopy of Shoemaker-Levy 9 impact sites: Spatial and vertical distributions of NH 3 , C 2 H 4 , and 10 µm dust emission[END_REF][START_REF] Bézard | Detection of Ethylene (C 2 H 4 ) on Jupiter and Saturn in Non-Auroral Regions[END_REF][START_REF] Schulz | Detection of C 2 H 4 in Neptune from ISO/PHT-S observations[END_REF][START_REF] Encrenaz | ISO observations of planetary atmospheres[END_REF] and of Titan [START_REF] Roe | Seasonal variation of Titan's stratospheric ethylene (C 2 H 4 ) observed[END_REF][START_REF] Jr | New perspectives on Titan's upper atmosphere from a reanalysis of the Voyager 1 UVS solar occultations[END_REF][START_REF] Coustenis | The composition of Titan's stratosphere from Cassini/CIRS mid-infrared spectra[END_REF].

The background content of ethylene in the atmosphere is within 10-50 ppb. The global ethylene emission into the atmosphere is roughly estimated as 18-45 millions of tons per year; among them 74% are due to natural sources and 26% are due to anthropogenic sources, respectively; the major ethylene sink is determined by reactions with the OH radical (85%) and with ozone (15%) [START_REF] Sawada | Natural and anthropogenic sources and fate of atmospheric ethylene[END_REF].

Infrared (IR) laser methods such as photo-acoustic (PAS), cavity ring down (CRDS) and cavity enhanced absorption (CEAS) spectroscopies are today available for remote sensing. They can lead to multi-component detection with sensitivities similar to those of more conventional techniques such as mass spectrometry and gas chromatography. They rely on cheap and reliable diode lasers today available in the 1.5-1.8 µm spectral range. Lots of relevant molecules can therefore be detected from their combination and overtones absorption bands, such as H 2 O, CO 2 , CH 4 , CO, C 2 H 4 . The monitoring of the concentration of these molecules necessitates accurate information about their absorption spectra: linecenter positions, line intensities, spectral line shape contours, line broadening coefficients and line-center shifts. Present data bases provide information on absorption spectra of H 2 O, CO 2 , CH 4 , CO in 1.65 µm region which is, however incomplete, regarding pressure shifts in particular, and sometimes incorrect.

The C 2 H 4 spectrum available in databases is limited to few spectral ranges around 1000 and 3000 cm -1 . As a matter of fact, the literature data on the ethylene absorption spectrum are only reported in reviews and therefore not optimally accessible. In the 5900-6400 cm -1 range [START_REF] Duncan | Local mode and normal mode interpretations of the ch and cd stretching vibrational manifolds in C 2 H 4 and C 2 D 4[END_REF] the ethylene absorption spectrum has been recorded at a low resolution (5 cm -1 ). The ethylene Fourier Transform (FT) spectrum at a resolution of 0.02 cm -1 in a supersonic flow is reported in [START_REF] Bach | Investigation of the fine structure in overtone absorption bands of 12 C 2 H 4[END_REF] and at a resolution of 0.015 cm -1 in the 6070-6230 cm -1 range in [START_REF] Platz | Sub-doppler optothermal overtone spectroscopy of ethylene and dichloroethylene[END_REF], along with opto-acoustic and opto-thermal spectra in the 6147-6170 cm -1 range in a collimated beam. The systematic error in the determination of line-centers in [START_REF] Platz | Sub-doppler optothermal overtone spectroscopy of ethylene and dichloroethylene[END_REF] is of the order of 0.004 cm -1 . Higher resolution was achieved in very limited spectral ranges in [START_REF] Rossi | Optical enhancement of diode laser-photoacoustic trace gas detection by means of external Fabry-Perot cavity[END_REF] (6154-6159 cm -1 ), [START_REF] Parkes | Absorption cross-sections and pressure broadening of rotational lines in the ν 5 + ν 9 band of ethene measured by diode laser cavity ring down spectroscopy[END_REF] (6149.7-6150.48 cm -1 ), and [START_REF] Rossi | Optical enhancement of diode laser-photoacoustic trace gas detection by means of external Fabry-Perot cavity[END_REF] (6157.55-6158.25 cm -1 ). Earlier, the authors of [START_REF] Kapitanov | High resolution ethylene absorption spectrum between 6035 and 6210 cm -1[END_REF] presented the ethylene absorption spectrum in the 6035-6210 cm -1 range, recorded with the use of a two-channel PA spectrometer combined with a diode laser, characterized by a threshold absorption sensitivity of 1.4×10 -6 cm -1 . The comparison of the ethylene absorption spectrum [START_REF] Kapitanov | High resolution ethylene absorption spectrum between 6035 and 6210 cm -1[END_REF] with data presented in [START_REF] Platz | Sub-doppler optothermal overtone spectroscopy of ethylene and dichloroethylene[END_REF][START_REF] Rossi | Optical enhancement of diode laser-photoacoustic trace gas detection by means of external Fabry-Perot cavity[END_REF][START_REF] Parkes | Absorption cross-sections and pressure broadening of rotational lines in the ν 5 + ν 9 band of ethene measured by diode laser cavity ring down spectroscopy[END_REF][START_REF] Boschetti | Resonant photoacoustic simultaneous detection of methane and ethylene by means. of a 1.63 µm diode laser[END_REF] has shown a discrepancy in line-center positions from 0.005 cm -1 [START_REF] Parkes | Absorption cross-sections and pressure broadening of rotational lines in the ν 5 + ν 9 band of ethene measured by diode laser cavity ring down spectroscopy[END_REF] to 0.32 cm -1 [START_REF] Rossi | Optical enhancement of diode laser-photoacoustic trace gas detection by means of external Fabry-Perot cavity[END_REF]. The ethylene absorption cross-sections were reported in [START_REF] Parkes | Absorption cross-sections and pressure broadening of rotational lines in the ν 5 + ν 9 band of ethene measured by diode laser cavity ring down spectroscopy[END_REF], only.

In this work, the ethylene absorption spectrum was recorded in the 6030-6250 cm -1 range using a high resolution Bruker IFS 125HR FT spectrometer (Russia, Tomsk, IAO SB RAS) and a two-channel photo-acoustic spectrometer with a diode laser (PAS DL). The methane absorption spectrum [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF][START_REF] Margolis | Measured line positions and strengths of methane between 5500 and 6180 cm -1[END_REF] was used in both cases as a reference spectrum to validate the absolute wavenumber measurements. The use of methane lines as secondary standard of wavenumbers ensures the consistency of the line position measurements in the FT and PA spectra.

These data were used to assign the strongest bands in the 6030-6250 cm -1 spectral range, i.e. ν 5 + ν 9 and ν 5 + ν 11 . Their analysis was performed by considering them as a dyad. It was helped by previous information on the ν 9 and ν 11 bands resulting from slit-jet expansion FTIR spectra recorded in the 2950-3150 cm -1 region [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF]. We actually performed a simultaneous fit of both regions (ν 9 /ν 11 stretching dyad around 3000 cm -1 and ν 5 + ν 9 /ν 5 + ν 11 dyad around 6100 cm -1 ), also using literature Raman results on ν 5 [START_REF] Foster | Raman spectra of asymmetric top molecules. Part V. -The ν 1 , ν 3 and ν 5 bands of ethylene[END_REF].

The experiments, model and results, are presented in sections 2, 3 and 4, respectively, before concluding.

Experimental details

Jet-cooled FTIR spectra in Brussels

For the 3 µm region, we used a supersonic expansion jet spectrum previously recorded in the 2500-3500 cm -1 region [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF]. We just briefly recall here the experimental conditions.

We used a high-resolution FT interferometer Bruker IFS120 HR working at 0.01 cm -1 resolution coupled to a supersonic expansion experiment. The expansion was produced through a 15 cm long and 20 micron wide stainless steel slit. We used a 1:9 mixture of ethylene and argon, with 1380 and 0.5 hPa stagnation and residual pressure conditions, respectively. The rotational temperature was estimated to 36 K from the relative intensity of the vibrationrotation lines. Line positions were measured using water lines as references, from [START_REF] Rothman | The HITRAN molecular database -Editions of 1991 and 1992[END_REF]. More complete experimental conditions are provided in [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF] and [START_REF] Georges | High resolution FTIR spectroscopy using a slit jet: Sampling the overtone spectrum of 12 C 2 H 4[END_REF]. At the time only preliminary constants were obtained from spectral analysis. Hot bands could be identified from a comparison between spectra recorded with and without heating the slit.

High-resolution Fourier transform spectrometer in Tomsk

Measurements of the ethylene absorption spectrum were conducted with the use of a high-resolution FT spectrometer Bruker IFS 125HR. The internal tungsten light source was selected; the radiation was recorded with an InSb detector, cooled at liquid nitrogen temperature. To measure the spectra, we have built a quartz cell 20 cm in length and 20 mm in diameter; its windows were made of CaF 2 . The cell was located in the spectrometer sample chamber. The FTS was pumped out up to a residual pressure of 0.015 Torr with a forevacuum pump, which significantly decreased the effect of atmospheric gases on the measured absorptions. The ethylene absorption spectrum was recorded at room temperature and at a pressure of 19 Torr with a spectral resolution of 0.005 cm -1 and an optical path length of 20 cm. Ethylene with 99.9% stated purity was used. The pressure was measured using the DVR-5 pressure gauge with an accuracy of less than 1 Torr. The frequency scale was calibrated using methane rovibrational lines belonging to the 2ν 3 band [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF][START_REF] Margolis | Measured line positions and strengths of methane between 5500 and 6180 cm -1[END_REF].

To eliminate the temperature and pressure instabilities, which appeared just after filling the cell with the gas, measurements were conducted few hours after the filling. The signal-to-noise ratio (expressed as the maximum signal amplitude divided by twice the RMS noise amplitude) was about of 700. It was obtained by the coaddition of 1600 interferograms.

Figure 1 presents the record of the frequency-calibrated ethylene FTS spectrum within the 6030-6210 cm -1 range.

The two-channel OA spectrometer with TDL in Tomsk

The ethylene absorption photo-acoustic (PA) spectrum was recorded by the two-channel laser spectrometer. It includes a narrow-band tunable diode laser (TDL) with a controller, two opto-acoustic (OA) detectors, and the spectrometers microcontroller. A specificity of the PA spectrometer is the simultaneous recording of two spectra of different gases and mixtures under different experimental conditions. In our measurements, one PA detector (PAD) was filled the mixture of ethylene and nitrogen and the second PAD with pure CH 4 at a pressure of 5 or 7 Torr. The reference CH 4 line positions were used for calibrating the TDL radiation wavelength. Basic parameters of the spectrometer are presented in Table 1. The spectrometer scheme and measurement procedure are 

Parameter

Value / cm -1 Spectral interval 6020-6300 Spectral resolution 0.00033 Threshold sensitivity 0.4 × 10 -6

presented in more details in [START_REF] Kapitanov | Dual-channel opto-acoustic diode laser spectrometer and fine structure of methane absorption spectra in 6070-6180 cm -1 region[END_REF].

The TEC-100 semiconductor laser with an outer cavity (Sacher Laser Technik) generates the continuous single-frequency radiation within 6020-6300 cm -1 at a radiation spectrum width not exceeding ∼ 10 MHz and an output power of 0.003-0.01 W. The radiation power is controlled with a built-in photodiode and is modulated with a variable frequency optical chopper, Model 300C, SCITEC INSTRUMENTS [27].

The laser radiation frequency is controlled through a diffraction grating. The grating is first rotated manually using a micro-screw to reach a desired wavenlength range. It can then be smoothly tuned, without mode jump, over 3 cm -1 using a piezoceramic device. This fine control is achieved using an electric signal produced from a 12-digit Digital-to-Analog Converter (DAC), which varies the piezoceramic voltage between zero and 100 V following a given program. The minimal variation step is ∼ 0.024 V, which corresponds to a step of ∼ 22 MHz (0.00073 cm -1 ) of the laser radiation frequency tuning.

Measurements and the control for setting laser radiation to a given initial wavelength are made with a wavelength meter of WS-7 117 IR type, produced The control for the laser radiation frequency tuning in the program-controlled mode is performed with the use of the Fabry-Pérot standard (IT-28-30 with a base of 10 cm and a spectral dispersion range of 0.05 cm -1 ). To eliminate the effect of jumps of the atmospheric air pressure on the value of the spectral dispersion range, the Fabry-Pérot etalon is located in a pressure-tight housing, filled with dry nitrogen at atmospheric pressure.

We used PA detectors (PAD) based on the differential Helmholtz resonator (DHR) [START_REF] Kapitanov | Dual-channel opto-acoustic diode laser spectrometer and fine structure of methane absorption spectra in 6070-6180 cm -1 region[END_REF]. This resonator has a remarkable peculiarity: acoustic oscillations in DHR cells at the resonance frequency are in anti-phase. Microphones, located in the cells, allow recording the difference between acoustic signals; therewith, the useful signal becomes duplicated, while the in-phase outer acoustic noise decreases by 1-2 orders of magnitude. The home-made DHR with two capillaries is symmetric and significantly decreases the noise level, even under gas flow con-ditions. As the gas goes through the two DHR cells, the in-phase acoustic noise is generated in each of them and then removed using a differential amplifier. The threshold sensitivity of the DHR is 1 × 10 -9 cm -1 Hz -1/2 W.

A specially designed controller is used in order to automate measurements and to increase the accuracy and sensitivity. The 16-bit ADC ADS8725 (Texas Instruments) was incorporated into the controller for high-precision conversion of signals into digits from DHR microphones and from the laser power meter photodiode. To increase the device sensitivity, signals from both DHRs were detected synchronously in the computerized mode.

There is an analog output in the controller of the signal which is required for scanning operation. The device can be operated in the amplitude mode and in the signal derivative measuring mode. This derivative is achieved from two signals: the retuning voltage and the saw-tooth voltage of the laser beam modulation frequency. The management by the controller is realized through a serial port.

The controller intrinsic software is written in the Assembler language of microcontrollers of the AVR architecture. The calibrating and service software is written inside the LabVIEW 5.0 package medium and operates under Windows-XP, Windows-2000, and Windows-98 operation media. The on-screen user menu is presented in Figure 2. The two first windows of the menu represent signal amplitudes of DHR with the pure methane and with the mixture of ethylene and broadening gas (nitrogen), respectively. The middle window shows the value of the laser radiation power, and the next one -the Fabry-Pérot interferometer transmission. The bottom window shows the laser-power-normalized signals from both DHRs. The panel of the control for laser parameters, the synchronous detector, and the input of initial parameters, is to the left.

As previously mentioned, the smooth computer-controlled tuning of the TDL radiation frequency is possible only in a narrow spectral range of about 3 cm -1 .

A piecewise continuous mode is then required to achieve recording over a selected wavelength range. To avoid troubles when concatenating the spectra, a reference line should appear in each fragment. The ethylene absorption spectrum was recorded simultaneously with reference methane lines in each narrow spectral range independently recorded. Ref.

[29] was used for estimation of methane line positions. Line center positions were estimated from the fitting of the recorded spectrum to the theoretical one. The accuracy is estimated to be between 0.0005 cm -1 for for isolated lines and 0.004 cm -1 for strongly overlapped lines.

To increase the PAD sensitivity, measurements of the ethylene absorption spectrum were conducted for a mixture ethylene:nitrogen in the ratio 1:70 at a total pressure of 31 Torr (that is, a C 2 H 4 ressure of 0.44 Torr) and a temperature of 293 K. The PAD calibration method and the estimation of the ethylene absorption cross-section are given in detail in [START_REF] Kapitanov | High resolution ethylene absorption spectrum between 6035 and 6210 cm -1[END_REF].

Figure 3 shows the general view of the PA absorption ethylene spectrum. The recorded spectrum exhibits a complex structure, the absorption line density can reach more than 20 lines per inverse centimeter with a line FWHM of 0.01 cm -1 .

Line density significantly hinders the line position and intensity measurement procedure. We therefore first superposed the spectra recorded using FT and PA methods to estimate how well they concided throughout the range under study (6030-6200 cm -1 ) demonstrating an error of about 0.0005 cm -1 . Figure 4 shows the comparison of spectra in one of the fragments.

Theoretical details

X 2 Y 4 -type molecules like ethylene possess twelve normal modes of vibration [START_REF] Herzberg | Infrared and Raman spectra of polyatomic molecules[END_REF]. The symmetry labeling of these modes as well as of rovibrational energy levels leads to considerable confusion in the literature. This problem is related to the different possibilities to attach the x, y and z axes to the molecule. One striking feature is that most papers use different axes attachments for vibrational and rotational levels. As a matter of fact, there are two commonly used conventions for vibrations, say the IUPAC and Herzberg axes conventions (see Figure 5). The Herzberg one is the most popular. However, when speaking about rotational levels, the so-called I r representation is generally used. And this representation is in fact another way of attaching axes that corresponds to none of the two previous ones! We simply suggest adopting the axis attachment of the I r representation for the whole rovibrational problem. In this way, the 12 normal modes split up into five stretching modes, ν 1 (A g ), ν 2 (A g ), ν 5 (B 3g ), ν 9 (B 2u ) and ν 11 (B 1u ), and seven bending modes, ν 3 (A g ), ν 4 (A u ), ν 6 (B 3g ), ν 7 (B 3u ), ν 8 (B 2g ), ν 10 (B 2u ) and ν 12 (B 1u ), where the symbols between parentheses are the irreducible representations of the D 2h group. All g-parity bands are Raman active and all u-parity bands are infrared active, with the exception of ν 4 which is inactive. The modes are described in Table 2 and represented in [START_REF] Georges | High resolution FTIR spectroscopy using a slit jet: Sampling the overtone spectrum of 12 C 2 H 4[END_REF].

We recently proposed a new tensorial formalism to analyze rovibrational spectra of D 2h asymmetric tops [START_REF] Raballand | Spectroscopy of X 2 Y 4 (D 2h ) molecules : Tensorial formalism adapted to the O(3) ⊃ D 2h chain, Hamiltonian and transition moment operators[END_REF]. As already mentioned above, it is based on the work of Sartakov et al. [START_REF] Sartakov | Interaction of vibrational fundamental and combination states of ethylene in the 3 µm region[END_REF]. It uses the formalism developed in Dijon for octahedral XY 6 molecules in the O(3) ⊃ O h group chain [START_REF] Wenger | Highly-Spherical Top Data System (HTDS) software for the spectrum simulation of octahedral XY 6 molecules[END_REF][START_REF] Champion | Spherical top spectra[END_REF][START_REF] Cheblal | Development of the dipole moment and polarizability operators of octahedral molecules[END_REF]. Such a formalism, together with vibrational extrapolation methods described for instance in [START_REF] Champion | Spherical top spectra[END_REF][START_REF] Cheblal | Development of the dipole moment and polarizability operators of octahedral molecules[END_REF][START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF], is implemented in the D 2h TDS program suite [START_REF] Wenger | D 2h top data system (D 2h TDS) software for spectrum simulation of X 2 Y 4 asymmetric molecules[END_REF]38].

In 

|J, nΓ = M (J) G M nΓ |J, M , (1) 
where n is the multiplicity index of the Γ irrep. The G coefficients are elements of the passage matrix from O(3) into D 2h [START_REF] Raballand | Spectroscopy of X 2 Y 4 (D 2h ) molecules : Tensorial formalism adapted to the O(3) ⊃ D 2h chain, Hamiltonian and transition moment operators[END_REF]. The tensorial operators are oriented in the same way. Let us consider an X 2 Y 4 molecule whose vibrational levels are grouped in a series of polyads designated by P k (k = 0, . . . , n, . . .), P 0 being the ground state (GS). The X 2 Y 4 Hamiltonian can be developed as a sum of operators specific to each polyad as

H = H {P0≡GS} + H {P1} + . . . + H {P k } + . . . + H {Pn-1} + H {Pn} + . . . (2) 
The effective Hamiltonian for polyad P n is obtained by projection in the corresponding subspace,

H <Pn> = P <Pn> HP <Pn> (3) = H <Pn> {GS} + H <Pn> {P1} + . . . + H <Pn> {P k } + . . . + H <Pn> {Pn-1} + H <Pn> {Pn} ,
the different terms being written as

H {P k } = all indexes β t Ω(K,nΓr )Γ1Γ2Γv {ns}{ms} R Ω(K,nΓr) ⊗ ǫ V Γ1Γ2Γv {ns}{ms} (Ag )
.

In this equation, the t Ω(K,nΓr )Γ1Γ2Γv {ns}{ms} are the parameters to be determined.

R Ω(K,nΓr) and ǫ V Γ1Γ2Γv {ns}{ms} are rotational and vibrational operators of respective degree Ω (maximum degree in the rotational angular momentum components J x , J y and J z ) and Ω v (degree in creation and annihilation operators). The order of each individual term is defined as Ω + Ω v -2. The construction of these operators is described in [START_REF] Champion | Spherical top spectra[END_REF]. β is a numerical factor equal to (-√ 3/4) Ω/2 if (K, nΓ r ) = (0, 0A g ) and 1 otherwise.

Such an Hamiltonian development scheme enables the treatment of any polyad system. In this work, the following four effective Hamiltonians have been used:

• The Ground State (polyad P 0 ) effective Hamiltonian

H <P0> = H <P0> {P0} . (5) 
• The ν 5 (polyad P 1 ) effective Hamiltonian

H <P1> = H <P1> {P0} + H <P1> {P1} . (6) 
• The ν 9 /ν 11 (polyad P 2 ) effective Hamiltonian

H <P2> = H <P2> {P0} + H <P2> {P1} + H <P2> {P2} . (7) 
• The ν 5 + ν 9 /ν 5 + ν 11 (polyad P 3 ) effective Hamiltonian

H <P3> = H <P3> {P0} + H <P3> {P1} + H <P3> {P2} + H <P3> {P3} . (8) 
It should be noticed that, although ν 5 lies in the same spectral region as ν 9 and ν 11 , it is a Raman active vibrational level of g parity, which does not interact at all with the infrared active levels. It thus appeared more practical to put it into a separate polyad.

To derive rovibrational energies, the matrix elements of the Hamiltonian operator need to be calculated. They are obtained in the coupled basis

|[Ψ (J,nCr) r ⊗ Ψ (Cv) {vi} ] (C) , (9) 
where v i = v 1 . . . v 12 are the vibrational quantum numbers for the X 2 Y 4 molecule, and C v , C r and C are the vibrational, rotational and ro-vibrational symmetries in D 2h , respectively. With such a formalism, all the rovibrational levels are described by (J, C, α) labels, where α is a numbering index for levels that have the same D 2h symmetry within a J block (J is the quantum number associated to the total angular momentum of the molecule). This labelling is related to our group chain choice, which is an orientation from O(3) into the symmetry subgroup of the X 2 Y 4 molecule. In this way, the usual (K a , K c ) labels are hidden and related to α and the C symmetry. Thus, the K a and K c values do not appear explicitly in our labels and the (∆K a , ∆K c ) nomenclature does not occur in our transition labels. Expressions of the matrix elements of the Hamiltonian operator are given in [START_REF] Raballand | Spectroscopy of X 2 Y 4 (D 2h ) molecules : Tensorial formalism adapted to the O(3) ⊃ D 2h chain, Hamiltonian and transition moment operators[END_REF].

To calculate line intensities, the dipole moment operator (for absorption spectra) is expanded in a similar way, as detailed in [START_REF] Raballand | Spectroscopy of X 2 Y 4 (D 2h ) molecules : Tensorial formalism adapted to the O(3) ⊃ D 2h chain, Hamiltonian and transition moment operators[END_REF] (see Eq. 58 to 61). As we do not consider here absolute intensities, this expansion is just taken up to the minimum possible order and we do not discuss this point any further.

Analysis

The analysis has been performed thanks to the XTDS software [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF] that implements the O(3) ⊃ D 2h tensorial formalism described briefly above [START_REF] Raballand | Spectroscopy of X 2 Y 4 (D 2h ) molecules : Tensorial formalism adapted to the O(3) ⊃ D 2h chain, Hamiltonian and transition moment operators[END_REF][START_REF] Wenger | D 2h top data system (D 2h TDS) software for spectrum simulation of X 2 Y 4 asymmetric molecules[END_REF]. Line assignments were realized using the SPVIEW graphical interface [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF].

As a first step, we started from ground state [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF], ν 5 [START_REF] Foster | Raman spectra of asymmetric top molecules. Part V. -The ν 1 , ν 3 and ν 5 bands of ethylene[END_REF] (Raman band), ν 9 (C-type band) and ν 11 [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF] (A-type band) parameters taken from the literature. Parameters from these references are given for a A-reduction Watsonian Hamiltonian. We translated them into tensorial formalism parameters thanks to the formula given in [START_REF] Boudon | The SO 2 F 2 quasispherical top: Correspondance between tensorial and Watson's formalisms[END_REF]. Ground state and ν 5 parameters were kept as obtained in this way and fixed in the following.

As a second step, we started to perform an initial simulation of the 3000 cm -1 region (polyad P 2 ) using these parameters. This allowed us to assign 682 lines in the ν 9 /ν 11 stretching dyad from the FTIR supersonic expansion jet spectrum (see Section 2.1). It should be noticed that we did not used assignments for polyad P 2 from [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF]; we reassigned the supersonic expansion jet completely. Because of different labels for levels and transitions (see previous section), the detailed comparison of our new assignments with those of [START_REF] Bach | Slit-jet Fourier transform infrared spectroscopy in 12 C 2 H 4 : Cold and hot bands near 3000 cm -1[END_REF] has not been attempted. The same initial parameter set allowed the 6000 cm -1 region (polyad P 3 ) to be simulated, thanks to the vibrational extrapolation scheme explained in the previous section. We used the PA spectrum as experimental data (see Section 2.3). By changing by hand the anharmonicity parameters (i.e. by moving the ν 5 + ν 9 (A-type band) and ν 5 + ν 11 (C-type band) band centers so that they would match with the values that can be estimated from the experimental spectrum), it was possible to obtain a reasonable simulation and then to perform assignments. After several iterations, we could finally identify 608 spectral lines in the P 3 region.

Table 3 summarizes the statistics for the final fit. As explained in the previous section, our energy level and transitin labels do not include the usual K a and K c quantum numbers; retrieving their maximum values is quite complex to perform and has not been attempted here. We determined 40 parameters for polyad P 2 , including four Coriolis interaction parameters between ν 9 and ν 11 and 20 parameters for polyad P 3 , including two Coriolis interaction parameters between ν 5 + ν 9 and ν 5 + ν 11 . Figure 6 displays the calculated and observed reduced energy levels as defined by:

ν red = ν - Ω t Ω(0,0A1)A1A1A1 {GS}{GS} (J(J + 1)) Ω/2 (10) 
(this corresponds to the subtraction of scalar terms). This shows how the energy levels are "sampled" by the observed transitions. The ratio of the number of observed levels over the number of fitted parameters is ca. 7 for polyad P 2 and ca. 17 for polyad P 3 . A.1 in the Appendix. It should be noticed from this table that one parameter of the ν 9 band that could not be fitted (because of a 100 % correlation with other parameters) was fixed to a particular values that gives the lowest root means square deviation (fixing it to 0 corresponds more of less to the so-called A-reduction of Watson [START_REF] Papoušek | Molecular vibrational-rotational spectra[END_REF][START_REF] Boudon | The SO 2 F 2 quasispherical top: Correspondance between tensorial and Watson's formalisms[END_REF], but gives a somewhat degraded fit).

Values of the parameters are given in Table

Although the root mean square deviations are still high compared to usual high-resolution spectroscopy standards, the agreement of this preliminary analysis is quite satisfactory. The deviation for polyad P 2 is of the same order of magnitude as the resolution of the jet-FTIR spectrum used here. The deviation for polyad P 3 is somewhat higher (because of an even higher number of neglected resonances), for a lower maximum J value, but still within reasonable limits. What should be kept in mind is that we have used here a crude approximation by considering P 2 and P 3 as isolated dyads. Both are in fact just parts of more complex polyads with many interacting bands in each case. The present work should thus be viewed as a preliminary approach for a global fit of both spectral regions using a simple polyad scheme and the tensorial formalism method. As a matter of fact, previous analyses give some better results for each region when considered separately. Reference [START_REF] Sartakov | Interaction of vibrational fundamental and combination states of ethylene in the 3 µm region[END_REF] uses very high resolution laser spectroscopy data to investigate the 3 µm region; the fit includes 34 vibrational states. In the 1.6 µm region, the authors of [START_REF] Bach | Investigation of the fine structure in overtone absorption bands of 12 C 2 H 4[END_REF] include several dark states to obtain a satisfying fit. It is thus neither easy nor really relevant to perform a detailed comparison with the present study that has a different aim, as stated above. Table 4 just compares the band centers found in this work with those from the two previously cited references, showing a good agreement. In Appendix B, we also compare the rovibrational levels that were observed in the present polyad P 2 by Sartakov et al. [START_REF] Sartakov | Interaction of vibrational fundamental and combination states of ethylene in the 3 µm region[END_REF] with those resulting form the present fit. There is a global good consistency with previous analyses for the literature, although some differences are observed. Again, this is mainly due to the simple polyad scheme used here, which does not aim to reach a state-of-the-art level. Figure 7 shows a comparison between observed and simulated spectra involving polyad P 2 (3000 cm -1 region) and Figure 8 displays the fit residuals.

Figure 9 shows a comparison between experiment and simulation of polyad P 3 (6000 cm -1 region), with some detailed view into the ν 5 + ν 9 and ν 5 + ν 11 bands given in Figures 10 and11, respectively. Figure 12 displays the fit residuals in this case. 

Conclusion

We have preformed a preliminary global analysis of the 3000 and 6000 cm -1 spectral regions of ethylene by considering only the ν 9 , ν 11 , ν 5 + ν 9 and ν 5 + ν 11 bands and using the tensorial formalism model developed in the Dijon group. A high-resolution spectrum of the combination band region has been recorded for the first time in Tomsk. The results of the analysis are quite very satisfying. They are now included into the XTDS [START_REF] Wenger | XTDS and SPVIEW: Graphical tools for the analysis and simulation of high-resolution molecular spectra[END_REF]38] system that allows synthetic linelists and spectra to be calculated. Of course, the model presented here does not pretend to reflect all the real couplings between rovibrational bands. The main purpose of this work is to demonstrate the use of tensorial formalism and vibrational extrapolation methods in the case of a simplified global analysis of ethylene C-H stretching modes. More generally, the C 2 H 4 molecule is difficult to study because, starting from the very first fundamental bands (see for example [START_REF] Willaert | The spectrum of ethylene from microwave to submilimeter-wave[END_REF]), the resonances coupling (like ν 4 ↔ ν 7 , ν 4 ↔ ν 10 , ν 10 ↔ ν 12 , . . . etc) are very strong. Necessarily, this scheme of resonances is also present in the system of the ν 7 + ν 11 ↔ 4 + ν 11 , ν 4 + ν 11 ↔ ν 10 + ν 11 , . . . etc, excited states (see Ref. [START_REF] Ooomens | The ethylene hot band spectrum near 3000 cm -1[END_REF]). More or less it is "a copy" of the resonances observed for the fundamentals states. The present work describes the study of two dyads of interacting states, ν 9 ↔ ν 11 and (ν 5 + ν 9 ↔ ν 5 + ν 11 ). The main advantage of the theoretical model which is presented here is that, in principle, the informations on the parameters involved in the resonance coupling the energy levels from the first system of interacting states (ν 9 ↔ ν 11 ) are (at least partly) transfered to the overtones interacting bands (ν 5 + ν 9 ↔ ν 5 + ν 11 ). This major advantage of using the XTDS formalism will certainly be extremely useful when undertaking a more global study involving more vibrational states. Thus, the present paper is a first simple illustration of this.

The next natural steps in this work thus involve: 1) measuring and fitting absolute line intensities, which is essential for ethylene concentration retrievals, for instance and 2) considering more interacting bands in both polyads. Both points still require a lot of experimental and theoretical work to be achieved. "Pôle de Sciences Planétaires" of Bourgogne Franche-Comté. VB, ML, MR and MTB acknowledge support from the LEFE-CHAT national program and the "SpecMo" GdR number 3152 of the CNRS. MR acknowledge support from the PNP national program and PHC Tournesol program handled by EGIDE. In Brussels this work was supported by the Fonds National de la Recherche Scientifique (F.R.S.-FNRS, contracts FRFC and IISN) and the "Action de Recherches Concertées de la Communauté française de Belgique". 

1 Figure 1 :

 11 Figure 1: General view of the ethylene absorption spectrum recorded with a FT spectrometer.

Figure 2 :

 2 Figure 2: Menu of controlling and taking information from the two-channel spectrometer. See text for the description of the different traces.

1 Figure 3 :

 13 Figure 3: Ethylene PA absorption spectrum.

Figure 4 :

 4 Figure 4: Comparison of ethylene absorption spectra within the 6125.3-6127.3 cm -1 range recorded with PA and FT spectrometers.

Figure 5 :

 5 Figure 5: Various X 2 Y 4 molecular axis frame conventions reported in the literature.

  the following, the tensorial effective Hamiltonian and transition moment operators included in the model are outlined. Note that Γ (= A τ , B 1τ , B 2τ or B 3τ with τ = g or u) denotes D 2h irreducible representations (irreps) and all operators are symmetrized in the O(3) ⊃ D 2h group chain. The O(3) standard

Figure 6 :

 6 Figure 6: Calculated (top) and observed (bottom) reduced energy levels (see text) for polyads P 2 (left) and P 3 (right). Observed levels are levels reached by assigned transitions.

Figure 7 : 9 Figure 8 :

 798 Figure 7: Overview of the experimental FT spectrum of ethylene in the 3000 cm -1 region compared to the simulation. The insert shows a portion of the ν 11 band.

Figure 9 :

 9 Figure 9: Overview of the experimental and simulated spectra of ethylene in the 6000 cm -1 region.

Figure 10 :

 10 Figure 10: Detail in the ν 5 + ν 9 band of ethylene compared to the simulation.

Figure 11 :

 11 Figure 11: Detail in the ν 5 + ν 11 band of ethylene compared to the simulation.

1 : n 5 +n 11 : n 5 +n 9 Figure 12 :

 111912 Figure12: Residuals of the fit in the 6000 cm -1 spectral range of ethylene, as a function of wavenumber.

Table 1 :

 1 Specifications of the OA spectrometer.

Table 2 :

 2 The normal modes of ethylene in the I r representation.

	Mode Wavenumber/cm -1 D 2h symmetry Type
	ν 1	3026	A g	CH 2 stretch
	ν 2	1623	A g	CC stretch
	ν 3	1343.3	A g	CH 2 scissor
	ν 4	1025.6	A u	CH 2 twist
	ν 5	3083.4	B 3g	CH 2 stretch
	ν 6	1225.4	B 3g	CH 2 rock
	ν 7	948.8	B 3u	CH 2 wag
	ν 8	939.9	B 2g	CH 2 wag
	ν 9	3104.9	B 2u	CH 2 stretch
	ν 10	825.9	B 2u	CH 2 rock
	ν 11	2988.6	B 1u	CH 2 stretch
	ν 12	1442.4	B 1u	CH 2 scissor
	basis is oriented in the subgroup through the relation	

Table 3 :

 3 Fit statistics for ethylene data.

	Polyad	Number of data Jmax d RMS /cm -1 Fitted parameters
	ν9/ν11	682	32	0.010	40
	ν5 + ν9/ν5 + ν11	608	27	0.026	20

Table 4 :

 4 Band centers resulting from the present fit, compared to literature values.

	Band	This work Ref. [32] Ref. [42]
	ν 9	3104.8744 3104.887	
	ν 11	2988.6347 2988.643	
	ν 5 + ν 9	6150.9927	6150.9810
	ν 5 + ν 11 5994.7980	5994.7854

Table A .

 A 1: Effective Hamiltonian parameters for12 C 2 H 4 . The standard deviation of each parameter is given in parentheses, in the unit of the last two digits; parameters without standard deviation indicated are fixed.

	Polyad GS GS GS GS GS GS GS GS	Order 0 0 0 2 2 2 2 2	Ω(K, nC) 2(0, 0A g ) 2(2, 0A g ) 2(2, 1A g ) 4(0, 0A g ) 4(2, 0A g ) 4(2, 1A g ) 4(4, 0A g ) 4(4, 1A g )	{s} C 1 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g	{s ′ } C 2 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g	Value / cm -1 2.23124666100 8.06317059500 ×10 -1 -3.05790956300 ×10 -2 -2.21791180000 ×10 -5 7.45751178900 ×10 -6 5.29991918800 ×10 -7 -2.58488110100 ×10 -6 -6.78019568700 ×10 -7
	GS GS GS GS GS GS	2 4 4 4 4 4	4(4, 2A g ) 6(0, 0A g ) 6(2, 0A g ) 6(2, 1A g ) 6(4, 0A g ) 6(4, 1A g )	000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g	000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g 000000000000A g	0.0 8.67944507500 1.63171962800 2.59258189000 -1.04281366500 -6.23849869400	×10 -10 ×10 -10 ×10 -11 ×10 -10 ×10 -11
	GS GS GS	4 4 4	6(4, 2A g ) 6(6, 0A g ) 6(6, 1A g )	000000000000A g 000000000000A g 000000000000A g	000000000000A g 000000000000A g 000000000000A g	0.0 2.56880902600 2.97917925400	×10 -11 ×10 -11
	GS	4	6(6, 2A g )	000000000000A g	000000000000A g	0.0	
	GS	4	6(6, 3A g )	000000000000A g	000000000000A g	0.0	
	ν 5	0	0(0, 0A g )	000010000000B 3g	000010000000B 3g	3083.36000000000	
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Appendix A. Effective Hamiltonian parameters

The following Table (A.1) gives the effective Hamiltonian parameters in the tensorial formalism notation (see for instance [START_REF] Boudon | Symmetry-adapted tensorial formalism to model rovibrational and rovibronic spectra of molecules pertaining to various point groups[END_REF] for more details) and resulting from the global fit. The following tables (B.2 and B.3) compare the ν 9 and ν 11 rovibrational levels measures by Sartakov et al. [START_REF] Sartakov | Interaction of vibrational fundamental and combination states of ethylene in the 3 µm region[END_REF]with the present study, respectively. Table B.2: Rovibrational energy levels of the ν 9 band from Ref. [START_REF] Sartakov | Interaction of vibrational fundamental and combination states of ethylene in the 3 µm region[END_REF] compared to this work.

Deviation ∆ ν/10 -3 cm -1 Assignment Ref. [START_REF] Cape | Effects of airborne volatile organic compounds on plants[END_REF] This work Ref. [ ν obs / cm -1 Deviation ∆ ν/10 -3 cm -1 Assignment Ref. [START_REF] Cape | Effects of airborne volatile organic compounds on plants[END_REF] This work Ref. [