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a b s t r a c t 

Methane (CH 4 ) spectra in the ν3 band near 3.3 m were measured for 0, 50, 150, 240, 320, and 400 Torr 

pressure of added hydrogen. The spectra were recorded using a high resolution Fourier transform spec- 

trometer. The CH 4 spectra were measured at 5 different tem peratures from room temperature up to ∼
1100 K. A multi-spectrum non-linear least squares fit method was used to determine the line parame- 

ters at each temperature. Voigt lineshape functions were used to determine the broadening and shifting 

of methane lines in the P and R branches. The temperature dependence of exponent parameters for the 

line width and the linear frequency shift coefficients were determined from a fit for temperatures rang- 

ing from 296 to 1098 K. The temperature dependence of the retrieved line broadening parameters was 

observed to follow the Double Power Law (DPL) proposed by Gamache and Vispoel. The temperature de- 

pendence of the pressure shift coefficients follows a linear trend for the first three temperatures. The 

pressure broadening parameters decrease with increasing temperature, and the pressure shift parameters 

increase with increasing temperature, especially for the first three temperatures. Finally, the dependence 

of pressure broadening ( γ0 ) and shift ( δ0 ) parameters on the rotational quantum number ( J) was studied. 

The pressure broadening coefficients decrease about 20–30% for temperatures up to 894 K and about 40% 

for 1098 K, with increasing J quantum number. A complete set of fitted parameters including line posi- 

tion ( σ ), line intensity ( S), pressure broadening ( γ0 ), shifting ( δ0 ), and their corresponding fitting errors 

are provided in supplementary tables. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Recently, there has been great interest in methane-containing 

stronomical objects outside the Solar System, such as exoplanets 

ncluding hot Jupiters [1–3] , hot Neptunes [4–6] and super-Earths 

7,8] . Methane has also been detected in the atmospheres of brown 

warfs, which are cool sub-stellar objects unable to fuse hydrogen 

n their cores [9] . Understanding the atmospheric composition of 

xoplanets and brown dwarfs gives valuable information on the 

istory of planetary evolution [10] , their appearance [2] , the tem- 

erature profile [11] , the chemical composition of the planet’s core, 

he C/O ratio and so forth [9] . For example, an accurate measure- 

ent of CH 4 abundance can constrain the C/O ratio, which is an 

mportant factor in the chemical composition of the atmosphere 

s well as in classifying the exoplanet [2,5,12] . The atmospheres of 
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hese giant planets and brown dwarfs are complex and have opac- 

ties that vary strongly with wavelength [9] . 

Ground and space-based near-infrared spectroscopic observa- 

ions have been essential for studying the atmospheres of exo- 

lanets and brown dwarfs [1,11] . CH 4 is expected to be the main 

arbon-bearing molecule in the atmospheres of Jovian planets and 

rown dwarfs at temperatures up to about 10 0 0 K [4,13] . 

Atmospheres of hot Jupiters and brown dwarfs are dominated 

y H 2 . The main carbon-containing molecules are CO and CH 4 , 

nd their relative abundance depends on temperature and pressure 

14] . In addition to observations, photochemical radiative trans- 

er models are used to predict atmospheric composition [4,15] . 

hese models require reliable opacities in order to correctly model 

he atmosphere [16] . Methane is the main contributor to the at- 

ospheric opacity of hot Jupiters and brown dwarfs [1,17] . There 

ave been many detections of H 2 -dominated hot exoplanets (hot 

upiters) that contain significant amounts of CH 4 . 

To calculate atmospheric opacity of exoplanets and brown 

warfs, an accurate linelist for methane is required [18] . The avail- 

https://doi.org/10.1016/j.jqsrt.2021.107557
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ble exo-planetary models typically include thermal and pressure 

roadening of spectral lines in their opacity calculations. While 

hermal broadening of spectral lines is straightforward [19] , the 

ressure broadening of spectral lines is more complicated and 

nique to each molecule [20,21] . In the case of H 2 -dominated gi- 

nt planets, the collisional interactions with H 2 result in broad- 

ned CH 4 lines [22–24] . It is useful to understand where the ther- 

al and pressure broadening mechanisms are most significant in 

he pressure-temperature (P–T) space. A useful analysis was made 

y Hedges and Madhusudhan [25] . While thermal broadening in- 

reases with increasing temperature, for the pressure range of 50–

00 Torr, used in this study, pressure broadening is the dominant 

echanism; therefore, this study focuses on determining the pres- 

ure broadening coefficients for the methane spectra at elevated 

emperatures. 

The line parameters needed include line position, strength, 

ressure-broadened line width and pressure-induced frequency 

hift as well as their temperature-dependence. Smith et al. mea- 

ured the temperature-dependence of broadening and shifting of 

H 4 spectral lines in the ν4 band using air and N 2 at low tempera- 

ures and found a significant rotational dependence [28] . Varanasi 

nd Chudmani also measured the temperature-dependence of 

roadening of methane in the ν4 band at low temperatures [22] . 

In addition to measurements, there have also been theoret- 

cal studies predicting methane line parameters. Anderson used 

erturbation theory and related the pressure-induced broaden- 

ng by a foreign agent to electrostatic intermolecular interac- 

ions [32] . Neshyba et al. [33] used complex Robert-Bonamy 

heory to describe line broadening and shifting in the CH 4 -N 2 

ystem. They found that repulsive intermolecular Lennard-Jones 

tom-atom interactions are the main contributor to linewidth 

roadening and that the broadening decreases with increas- 

ng J quantum number. Gabard [34] developed a semiclassical 

ethod for the broadening of methane lines perturbed by di- 

tomic molecules using a symmetrized version of Robert-Bonamy 

heory. In addition, Smith and Secrest [35] developed a new in- 

eraction potential for the Ar-CH 4 collision system and calcu- 

ated a total collision cross-section for different A, E and F ro- 

ational symmetry levels. They concluded that the total colli- 

ional cross-section for the E component is smaller than for the 

 and F components. This was in agreement with Smith et al.’s 

28] conclusion about the symmetry dependence of line broad- 

ning from Fourier transform infrared measurements of the ν4 

ode. 

The Voigt profile is the standard lineshape model used in high- 

esolution spectroscopy because of its relative simplicity. How- 

ver, increasing sensitivity and accuracy of spectroscopic tech- 

iques enables the use of new lineshapes such as the Hartmann–

ran (H–T) lineshape model [36–38] , also called the partially Cor- 

elated quadratic-Speed-Dependent Hard Collision Profile (pCqSD- 

CP) model, in which additional effects such as speed-dependence 

f the broadening, shifting and collisional narrowing are taken into 

ccount. In this study, a Voigt profile is used to determine spectral 

ine parameters such as pressure broadening and shifts. In addition 

o the Voigt profile, a quadratic speed-dependent hard collision 

qSDHC) model in the Hartmann–Tran implementation [36,37] was 

lso tried but did not improve the analysis and is not reported 

ere. 

The temperature-dependence of spectral lineshape parameters 

s often expressed as a single power law χ(T ) = χ(T 0 ) ∗ (T 0 /T ) n ,

here T 0 is a reference temperature and χ(T 0 ) is the param- 

ter at T 0 . However, a single power law does not always ex- 

lain the temperature-dependence of line parameters such as pres- 

ure broadening [28,37,38] . Gamache and Vispoel [39] developed 

 double power law expression that predicts the temperature- 

ependence of the broadening parameter over a large temperature 
2 
ange. Also, a linear temperature-dependence has been observed 

or the pressure-induced line shift [28,37,38] . 

While there have been extensive studies of methane line pa- 

ameters, most studies have focused on the conditions for Earth’s 

tmosphere at relatively low temperatures [26–31,40] , only a few 

igh temperature studies of the CH 4 .H 2 system have been pub- 

ished for a limited range of temperatures and pressures [23,41] . 

n our study, we aimed to measure methane lineshape parameters 

s well as their temperature-dependence in the ν3 band for both 

 and R branches in the presence of H 2 . The goal is to measure

ethane pressure-induced line parameters for a large temperature 

ange from room temperature to ∼ 1100 K. This study will con- 

ribute to a better understanding of hydrogen-dominated hot exo- 

lanets and brown dwarfs. 

. Experimental set up 

.1. Instrumentation 

All of the spectra were recorded using a Bruker 120/125 HR 

ourier transform spectrometer (120 HR bench upgraded with 125 

R electronics) at the Old Dominion University at a spectral resolu- 

ion of 0.01 cm 

−1 (MOPD = 90 cm). A schematic of the experimen- 

al arrangement is shown in Fig. 1 . H 2 and CH 4 pressures were sep-

rately measured using two MKS Baratron pressure gauges (MKS 

20 C model with 10 0 0 Torr and MKS 626 B with 10 Torr maxi-

um pressure) with ∼ 1% accuracy. The CH 4 and H 2 samples were 

tored in two separate tanks filled from gas cylinders at room tem- 

erature. The ideal gas law was used to calculate the amount of 

tored gas in the tanks that would achieve the desired pressure in 

he heated cell, at the temperature of the experiment. The cell was 

eated to the desired temperature with a CM Rapid Temp tube fur- 

ace. Then, CH 4 was added to the cell followed by H 2 from their 

torage tanks. The nominal temperature measurements were made 

sing a thermocouple sensor provided by the furnace manufac- 

urer. In a separate experiment, more accurate temperature mea- 

urements were carried out inside the furnace with another ther- 

ocouple at the nominal temperatures measured by the furnace 

hermocouple. The thermocouple was positioned inside the cell 

nd parallel to its axis, to measure the temperature inhomogene- 

ty. The inhomogeneity measurement was performed with air in 

he cell. Temperature measurements showed a maximum temper- 

ture at the center of the cell that drops by about 20 K at the ends

f cell. Finally, all the analysis was performed using the temper- 

tures measured by the thermocouple in the cell instead of the 

ominal temperatures measured by the thermocouple sensor on 

he furnace. 

Because of the high temperature nature of the experiment, the 

0.8 cm long cell was made of quartz (SiO 2 ) that has a high melt-

ng point. Light emitted from an infrared source (glowbar) was 

ollimated with a lens outside the furnace, passed through the 

ell and was then focused onto the entrance aperture of the spec- 

rometer with another lens. The spectral range of 180 0–550 0 cm 

−1 

as selected using a Ge filter which removes the radiation above 

500 cm 

−1 , and an InSb detector. The InSb detector is very linear 

nd was not saturated so no non-linearity correction was made. 

.2. Experimental conditions and recorded spectra 

The goal of this study was to measure pressure-induced broad- 

ning and shifting coefficients of the ν3 band of the methane lines 

t high temperatures. The CH 4 infrared spectrum was measured 

t five different calibrated temperatures of 296 K, 463 K, 681 K, 

94 K, and 1098 K in the 2750–3200 cm 

−1 range. At each temper- 

ture, the CH 4 spectrum was measured at five different pressures 

f H at 50, 150, 240, 320, and 400 Torr where the partial pressure 
2 
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Fig. 1. Schematic view of the experimental setup including the gas cylinders, storage tanks, IR source, furnace, absorption cell and the Bruker 120/125 FTS. 

Table 1 

Experimental conditions for CH 4 spectra, with 0.5 Torr of 

CH 4 for all spectra and, five different H 2 pressures at each 

temperature. 

Parameter Value 

Spectral region (cm 

−1 ) 1800–5400 

Aperture diameter (mm) 2 

Detectors LN-InSb 

Filter Ge 

Beamsplitter CaF 2 
Spectrometer windows CaF 2 
Lens CaF 2 
Cell pathlength (cm) 50.8 

Scans 128 

Resolution (cm 

−1 ) 0.01 

H 2 pressures (Torr) 50, 150, 240, 320, 400 

CH 4 pressure (Torr) 0.5 

Temperatures (K) 296, 463, 681, 894, 1098 
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f CH 4 was 0.5 Torr for all the spectra. A summary of experimental 

onditions is provided in Table 1 . 

At the high temperature of the experiment, there is emission 

rom the cell and from hot CH 4 in the recorded spectra. In this 

xperiment, the true transmittance spectrum of CH 4 is required; 

herefore it is necessary to correct for emission. Four spectra were 

ecorded: A, gas absorption (glowbar source with gas); B, gas emis- 

ion (no glowbar with gas); C, cell emission (no source and no 

as); and D, reference (glowbar source without gas). An example of 

our recorded spectra and the resulting gas transmittance is shown 

n Fig. 2 . Each of the emission and absorption spectra were an av- 

rage of 128 co-adds and the transmission spectrum is calculated 

s [45] 

= 

A − B 

D − C 
. (1) 

The spectra ( Fig. 2 ) showed some hot water impurity lines 

hich were not included in our analysis. Methane lines that were 

verlapped by water lines were not analyzed. 
3 
. Data analysis 

.1. Spectrum preparation: Line position calibration and 

ontinuum/baseline correction 

All CH 4 spectra were converted from their interferograms using 

boxcar” apodization with a zero filling factor of 2. The continuum 

aseline of the transmission spectra were not always at 100%. This 

s caused mainly by drifting of the infrared source over the period 

f data acquisition. The Bruker OPUS software was used for the 

ontinuum baseline correction. The transmission spectra were con- 

erted to absorbance and OPUS polynomial baseline correction was 

sed to adjust the baseline value to zero. These baseline corrected 

bsorbance spectra were converted back to transmission spectra. 

The line positions were measured for each of the pure spec- 

ra for P and R branch lines; the Q branch lines were not mea- 

ured because of severe blending. Then several isolated lines 

ere selected and their positions were compared to HITRAN 2012 

42] values. For each temperature, a calibration factor was cal- 

ulated by averaging the line position ratios for the selected 

ines. The calibration factors for the temperatures 296 K, 463 K, 

81 K, 894 K, and 1098 K are 0.999996860(15), 0.999996917(28), 

.999996980(37), 0.999997302(18), 0.999997317(69), respectively, 

ne standard deviation in the last two digits is quoted in parenthe- 

es. After calibration, the wavenumber scale is accurate to better 

han 0.0 0 05 cm 

−1 . The precision of the line position measurement 

epends on the line width and the signal-to-noise ratio and is typi- 

ally 0.0 0 01 cm 

−1 as estimated for the 150 Torr spectrum at 463 K.

 typical pressure shift for these condition is about -0.0015 cm 

−1 . 

.2. Line profiles and line parameter retrieval 

A multi-spectrum non-linear least squares fit was performed 

o improve the determination of line parameters. Fitting was 

one with software developed at the German Space Agency (DLR) 

37,38] . For each single temperature, a simultaneous non-linear 

east squares fit of all the parameters including line position ( σ ), 

ine intensity ( S), pressure broadening ( γ0 ) and shifting ( δ0 ) was 

arried out for spectra recorded at multiple pressures of H 2 . The 

ecorded spectra show broadened lines as a result of two mecha- 

isms: Doppler broadening (resulting from the Maxwell-Boltzmann 

elocity distribution of absorbing particles) and collisional broad- 
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Fig. 2. (a) Four measured spectra with the 50.8 cm path length A. gas absorption B. gas emission C. cell emission D. glowbar reference (b) the resulting gas transmittance 

at 0.5 Torr CH 4 , 150 Torr H 2 and 463 K in the ν3 band of methane spectrum. 

4 
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Table 2 

Comparison between measured tem- 

perature and those obtained from a 

fit. 

P (Torr) T exp (K) T f it (K) 

50 296 294 (1.4) 

50 463 460 (13) 

50 681 681 (14) 

50 894 878 (14) 

50 1098 1098.8 (27) 

e

v

s

V

[

s

L

e  

w

v

3

s

F

s

fi

t

c

d

o

o

t

(  

h

t

t

o

d

p

i  

n

w

u

a

t

l

j

e

p

(

t

p

e

H

a

m

b

b

i

Table 3 

Double power law coefficients for temperature dependence of broadening pa- 

rameters from Voigt profile. 

Line Voigt 

C 1 n 1 C 2 n 2 RMSE 

R(0) -1.8208 -0.3468 2.8196 -0.1027 3.0 × 10 −4 

R(1) -1.1570 1.6414 2.1571 0.9940 7.30 × 10 −4 

R(6) A 1 –A 2 -4.4059 1.4323 5.4052 1.1971 5.60 × 10 −4 

P(4) F 1 –F 2 -3.9934 1.5341 4.9910 1.2098 7.95 × 10 −4 

P(5) F 2 –F 1 -3.6868 1.4637 4.6856 1.1592 4.46 × 10 −4 

P(7) F 1 –F 2 3.5556 1.1918 -2.5563 1.6483 3.37 × 10 −4 
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ning (represented by a Lorentzian profile). A Maxwell-Boltzmann 

elocity distribution results in Doppler broadening, and colli- 

ional broadening is often represented by a Lorentzian profile. A 

oigt profile is a convolution of Gaussian and Lorentzian profiles 

43] and is frequently used for spectral fitting. The effect of the in- 

trumental lineshape was included by using the sinc box function. 

In this study, the Voigt lineshape was used to fit the CH 4 lines. 

ine position (cm 

−1 ), line intensity (cm/molecule), pressure broad- 

ning ( γ0 ), and pressure shift ( δ0 ) parameters in units of cm 

−1 /atm

ere fitted simultaneously. Doppler broadening was set to a fixed 

alue at the measured temperature. 

.3. Fit procedure 

The multi-spectrum fitting program reproduces the mea- 

ured spectra at each hydrogen pressure in separate windows. 

ig. 4 shows a typical multi-spectrum fit, including the observed 

pectra (black), calculated spectra (red), and the fit residual. The 

t program divides the spectrum into micro-windows with a spec- 

ral width of ∼ 2 cm 

−1 ; this makes the continuum baseline less 

ritical in the fitting. In addition, the baseline in each microwin- 

ow was fitted to a quadratic polynomial to correct for any slant 

r curvature in the background continuum. The fitting was carried 

ut for the lines in each microwindow at all the pressures at each 

emperature. The CH 4 molecules decompose at high temperatures 

 ∼ 80 0–10 0 0 K) [44–46] . Therefore, the true methane pressure at

igher temperature is less than the nominal pressure measured by 

he pressure gauge. To determine a more accurate methane par- 

ial pressure, a pressure calibration factor was calculated from a fit 

f the CH 4 number density. To determine a true methane number 

ensity for each spectrum, a single spectrum fit of methane line 

arameters including pressure broadening ( γ0 ) and pressure shift- 

ng ( δ0 ) was done for each pressure of H 2 at each temperature. The

umber density factor was adjusted for a number of selected lines 

hile the line intensities were kept fixed at HITRAN 2012 [42] val- 

es. To evaluate the accuracy of these factors, a fitting error associ- 

ted with each factor was also determined. A single factor was ob- 

ained by averaging the adjusted number density for the selected 

ines for every single spectrum at the given pressure. These ad- 

usted number densities were used in the multi-spectrum fit. For 

xample, the CH 4 pressure factor values calculated at 463 K for H 2 

ressures of 50, 150, 240, 320 and 400 Torr were 0.92 (6E-4), 0.98 

6E-4), 0.98 (5E-3), 0.9 (2E-5), and 0.87 (5E-4), respectively, where 

he numbers inside the parentheses are the RMS values. 

To examine the accuracy of the measured temperatures, a tem- 

erature fit was done from the retrieved CH 4 line strengths, for 

ach single pressure. In this procedure, an initial fit was done using 

ITRAN 2012 [42] lines as the initial guess. Then the retrieved line 

bsorptions were fitted using the reference line strengths by opti- 

izing a factor for the temperature. Table 2 shows a comparison 

etween the measured temperature and the temperature obtained 

y fitting spectra for all temperatures at 50 Torr of H 2 . 

As the initial guess, a multi-spectrum fit was carried out with 

nitial line parameters taken from the HITRAN 2012 [42] with air 
5 
s the broadening agent. Once an initial run of the multi-spectrum 

t was done, the parameters with non-physical values or undeter- 

ined parameters were reset to the default value for the next it- 

ration or set to zero. 

. Results and discussion 

.1. Pressure-induced line broadening ( γ0 ) 

Increasing hydrogen pressure leads to the broadening of spec- 

ral lines (see Fig. 3 ). These line broadenings depend on the tem- 

erature at which the spectrum is recorded. In the literature, 

emperature-dependence of the line broadening parameter is usu- 

lly expressed in the single power law (SPL) form of 

γ0 (T ) 

γ0 (T 0 ) 
= 

(
T 0 
T 

)n 

, (2) 

n which γ0 is the pressure-induced line broadening in cm 

−1 /atm 

nits with T 0 = 296 K as the reference temperature, and n is 

he temperature-dependence coefficient. The SPL is derived un- 

er the assumptions that 1. the temperature range is small, 2. the 

ntermolecular potential only contains one term; and 3. all colli- 

ions are on resonance [39] . In this study, a wider temperature 

ange from 296 K to about 1100 K was used to investigate the 

roadening parameters of CH 4 . Recent studies on the temperature- 

ependence of pressure-induced broadening show that in the case 

f wide temperature ranges the SPL is not sufficient to predict the 

emperature-dependence of line parameters [39] . Here, a double 

ower law (DPL), 

0 (T ) = γ0 (T 0 )[ c 1 

(
T 0 
T 

)n 1 

+ c 2 

(
T 0 
T 

)n 2 

] , (3) 

as used to fit the temperature dependence of the pressure- 

nduced broadening parameter ( γ0 ) in cm 

−1 /atm units, where c 1 , 

 1 , c 2 and n 2 are constants to be determined. A non-linear least 

quares fit is conducted using the Nelder–Mead simplex method 

47] to determine the c 1 , n 1 , c 2 and n 2 coefficients and root mean

quare error, 

MSE = 

√ ∑ n 
i =1 [ Y i ( data ) − Y i ( model )] 2 

n 

, (4) 

as calculated. The n 1 and n 2 , temperature-dependence coeffi- 

ients, as well as c 1 and c 2 coefficients, for the line broadening 

arameter, were determined for both P and R branches in the 

3 band of methane. Fig. 5 shows the pressure-induced broaden- 

ng coefficients ( γ0 ) for the selected P(7) F 1 − F 2 , P(5) F 2 − F 1 , P(4)

 1 − F 2 , R(0), R(1), and R(6) A 1 − A 2 lines, with associated DPL fit 

unctions, in cm 

−1 /atm units versus temperature in kelvin. Coeffi- 

ients of the DPL for the selected lines are presented in Table 3 .

verall, the parameters obtained from the DPL, show a reasonable 

t of temperature dependence of the γ0 values. A complete table 

f DPL coefficients for the temperature-dependence of the broad- 

ning parameter is provided in supplementary Table S1. No error 
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Fig. 3. Recorded spectra of P(4) line of the ν3 band of CH 4 with assigned symmetries, with different pressures of H 2 and 0.5 Torr CH 4 pressure at 463 K. 

Fig. 4. A multi spectrum fit of measured lab spectra of P(4) line (black), the calculated spectrum (red) and the spectral residuals (green) magnified 10 times the vertical 

scale at 463 K. The vertical blue lines are the calculated CH 4 line positions. 

6 
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Fig. 5. Double power law fit to the broadening parameters for the selected (a) P(7) F 1 –F 2 , (b) P(5) F 2 –F 1 , (c) P(4) F 1 –F 2 , (d) R(0), (e) R(1), and (f) R(6) A 1 –A 2 lines. Red 

circles show γ0 values and blue solid lines are DPL fits. 

e

fi

d

L

p

t
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stimates are available for these fitting parameters, because the 

tting method used provided no parameter error estimates. The 

ouble power law is highly non-linear and other methods such as 

evenberg–Marquardt, which provide errors, failed. 
7 
A SPL fit of γ0 values was also done for the same methane lines 

resented in Fig. 5 and root mean square error values were ob- 

ained ( Fig. 6 ). Comparison of temperature fitting of γ0 shows im- 

rovement of fits from DPL over fits from SPL (see Figs. 5 and 6 ). 
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Fig. 6. Single power law fit to the broadening parameters for the selected (a) P(7) F 1 –F 2 , (b) P(5) F 2 –F 1 , (c) P(4) F 1 –F 2 , (d) R(0), (e) R(1), and (f) R(6) A 1 –A 2 lines. The red 

asterisks show γ0 values and the blue solid lines are SPL fits. 

b

t

fi

4  

J

t

d  

t

t

In addition, the rotational dependence of pressure-induced 

roadening coefficients is analyzed for the P and R branches of 

he ν3 band. The γ0 coefficients calculated using Voigt line pro- 

le are plotted versus rotational quantum number ( J ′′ ) for 296 K, 

63 K, 681 K, 894 K, and 1098 K, separately. Fig. 7 (a-e) shows
8 
dependence of γ0 coefficients for the aforementioned tempera- 

ures. To show the J dependence, a rotational quantum number in- 

ex m is used, where m = −J for the P branch, and m = J + 1 for

he R branch. The J dependence of γ0 for each A, E and F symme- 

ry components within each J manifold is distinguished. The scat- 
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Fig. 7. Variation of pressure-induced broadening coefficients calculated using the Voigt profile with rotational quantum number index m. (m = - J for the P branch and 

m = J+1 for the R branch) at (a) 296 K, (b) 463 K, (c) 681 K, (d) 894 K, and (e) 1098 K. The broadening parameters are separated into A, E and F symmetries. The lines with 

E symmetry show weakest broadening. (f) is the J dependence of the γ0 coefficients averaged over all symmetries. 

t

t

a

i  

t

t

c

c

c  
er among values at a single J value shows differences for transi- 

ions between different sub-levels. For instance, P(8) F 1 –F 2 line has 

 different line broadening than the P(8) E line. Error bars are also 

ncluded for γ0 in Fig. 7 . The fit errors are < 1% for γ0 values with

he exception of a few lines mostly at higher Js. 
9 
Overall, γ0 shows a decreasing trend with increasing m for all 

emperatures. γ0 values are distributed between ( ∼ 0.065 – ∼ 0.05) 

m 

−1 /atm, ( ∼ 0.055 – ∼ 0.04) cm 

−1 /atm, ( ∼ 0.047 – ∼ 0.032) 

m 

−1 /atm, ( ∼ 0.037 – ∼ 0.025) cm 

−1 /atm and ( ∼ 0.034 – ∼ 0.02) 

m 

−1 /atm at 296 K, 463 K, 681 K, 894 K, and 1098 K tempera-
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Fig. 8. Temperature-dependence of pressure shift ( δ0 ). The red asterisks show the line shift at each temperature and the solid blue line is the linear fit for the first three 

temperatures. The temperature dependent parameter ( δ′ ) for the selected (a) P(11) F 1 –F 2 , (b) P(7) E, (c) P(11) F 1 –F 2 , (d) R(0), (e) R(1), and (f) R(8) F 2 –F 1 , are 1.04 × 10 −5 

cm 

−1 /K, 9.36 × 10 −6 cm 

−1 /K, 9.01 × 10 −6 cm 

−1 /K, 4.57 × 10 −6 cm 

−1 /K, 3.47 × 10 −6 cm 

−1 /K, and 1.91 × 10 −5 cm 

−1 /K, respectively. Note that only the first three temperatures 

were included in the fit. 

t

i

γ

l

s

[

a

w

ures, respectively. This shows a decrease of 20 to 30% for γ0 with 

ncreasing J for temperatures up to 894 K and a 40% decrease in 

0 with increasing J for 1098 K. 

The symmetry dependence of γ0 parameters show a weaker 

ine broadening for E symmetry compared to the values corre- 
10 
ponding to A and F symmetries, similar to previous observations 

28,35] . Fig. 7 (f) also shows the J dependence of γ0 values, aver- 

ged over each J manifold to remove the symmetry dependence, 

hich also shows a decreasing trend with increasing m . 
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Table 4 

Temperature-dependence parameters for 

pressure shift with their fitting error. Note 

that only the first three temperatures 

(296, 463, and 681 K) were included in 

the fit. 

Line δ′ error 

P(13) E 8.05E-06 8.73E-06 

P(13) A 1 -A 2 8.98E-06 1.36E-05 

P(12) F 1 -F 2 3.64E-05 9.09E-05 

P(12) A 1 -A 2 1.86E-05 3.99E-05 

P(12) F 1 -F 2 7.76E-06 2.17E-05 

P(12) E 8.22E-06 2.67E-05 

P(12) F 2 -F 1 1.10E-05 1.49E-05 

P(12) F 1 -F 2 1.02E-05 1.57E-05 

P(12) A 2 -A 1 5.53E-06 2.23E-05 

P(11) E 7.79E-06 8.95E-06 

P(11) F 1 -F 2 2.22E-05 5.40E-05 

P(11) F 2 -F 1 7.23E-06 1.26E-05 

P(11) E 8.75E-06 2.92E-05 

P(11) F 1 -F 2 1.04E-05 1.05E-05 

P(11) A 1 -A 2 8.60E-06 1.13E-05 

P(11) F 1 -F 2 9.08E-06 2.12E-05 

P(11) F 2 -F 1 5.12E-06 1.08E-05 

P(10) E 7.32E-06 7.60E-06 

P(10) F 2 -F 1 1.63E-05 3.42E-05 

P(10) A 2 -A 1 7.52E-06 7.90E-06 

P(10) F 2 -F 1 8.83E-06 1.16E-05 

P(10) F 1 -F 2 1.12E-05 1.96E-05 

P(10) A 1 -A 2 1.01E-05 1.81E-05 

P(10) F 1 -F 2 1.15E-05 1.74E-05 

P(9) F 2 -F 1 2.23E-05 6.18E-05 

P(9) E 1.06E-05 2.99E-05 

P(9) F 1 -F 2 8.86E-06 1.29E-05 

P(9) F 2 -F 1 1.05E-05 2.63E-05 

P(8) E 6.60E-06 1.28E-05 

P(8) F 2 -F 1 1.64E-05 3.75E-05 

P(8) F 1 -F 2 8.40E-06 9.57E-06 

P(8) F 2 -F 1 7.18E-06 7.25E-06 

P(8) A 2 -A 1 9.51E-06 2.53E-05 

P(7) E 9.36E-06 1.03E-05 

P(7) F 1 -F 2 1.32E-05 2.85E-05 

P(7) A 1 -A 2 8.95E-06 1.27E-05 

P(7) F 1 -F 2 8.80E-06 1.21E-05 

P(6) A 2 -A 1 5.44E-06 1.01E-05 

P(6) F 1 -F 2 1.89E-05 4.66E-05 

P(6) A 1 -A 2 1.27E-05 2.36E-05 

P(6) F 1 -F 2 9.01E-06 1.42E-05 

P(6) E 1.04E-05 2.91E-05 

P(5) F 2 -F 1 5.40E-06 7.49E-06 

P(5) E 1.05E-05 2.49E-05 

P(5) F 1 -F 2 1.31E-05 2.69E-05 

P(5) F 2 -F 1 9.84E-06 1.62E-05 

P(4) F 1 -F 2 7.03E-06 8.75E-06 

P(4) E 9.28E-06 1.52E-05 

P(3) F 1 -F 2 6.02E-06 8.79E-06 

P(3) F 2 -F 1 1.41E-05 3.54E-05 

R(0) 4.57E-06 6.22E-06 

R(1) 3.47E-06 6.84E-06 

R(2) E 2.87E-06 1.93E-05 

R(3) A 1 -A 2 3.26E-06 8.76E-06 

R(3) F 2 -F 1 7.75E-06 1.22E-05 

R(4) A 2 -A 1 4.67E-06 2.21E-05 

R(5) F 1 -F 2 1.02E-05 2.96E-05 

R(5) F 2 -F 1 4.67E-06 2.10E-05 

R(6) A 1 -A 2 9.93E-06 2.92E-05 

R(6) F 1 -F 2 1.25E-05 3.79E-05 

R(7) F 1 -F 2 1.01E-05 4.32E-05 

R(8) F 2 -F 1 1.91E-05 4.82E-05 

R(9) A 2 -A 1 2.01E-05 5.61E-05 

R(10) A 2 -A 1 6.76E-06 1.51E-05 

R(11) A 1 -A 2 3.92E-05 8.30E-05 

R(12) F 1 -F 2 8.66E-05 1.40E-04 
.2. Pressure-induced line shift ( δ0 ) 

Pressure-induced shifts are another consequence of collisions 

H 2 in this work). Pressure shift parameters were determined by 

erforming a multi-spectrum non-linear least squares fitting pro- 

edure, used in this study; data, including line position ( σ ), line 

ntensity ( S), pressure broadening ( γ0 ), shifting ( δ0 ) and their fit- 

ing errors are provided in supplementary tables S 2 –S 6 for 296 K, 

63 K, 681 K, 894 K, and 1098 K, respectively. In addition, 

emperature-dependence of pressure-induced shifts ( δ0 ) are stud- 

ed. Conventionally, the temperature-dependence of δ0 is expressed 

ither in the power law form of 

0 (T ) = δ0 (T 0 ) 
(

T 0 
T 

)q 

, (5) 

r in the linear form of 

0 (T ) = δ0 (T 0 ) + δ′ (T − T 0 ) , (6) 

here δ0 (T ) (in cm 

−1 /atm) is the pressure shift at temperature T ,

0 (T 0 ) (in cm 

−1 /atm) is the pressure shift at reference temperature 

 0 = 296 K, q and δ′ (in cm 

−1 /K) are the pressure shift coefficients

or the power and linear forms, respectively. 

The temperature-dependence of δ0 obtained with the Voigt pro- 

le was studied. A linear increase of δ0 values was observed for the 

ower temperatures 296 K, 463 K, and 681 K; however there is a 

eviation from a linear trend at 894 K and 1098 K. A linear form of

0 temperature-dependence was adopted but did not include data 

or 894 K and 1098 K. The reason for this deviation is not clear. 

 possible problem with the wavenumber calibration for the two 

ighest temperatures could be the cause of these deviations. It is 

lso worth mentioning that the linear form of temperature depen- 

ence only works for a limited temperature range. The deviation 

rom the linear form at higher temperatures can be a result of 

he non-linearity of the temperature dependence of pressure shift 

arameters at higher temperature ranges. A linear fit of the first 

hree temperatures was carried out to determine the temperature- 

ependence of pressure shift coefficients. Fig. 8 shows a linear fit 

or the temperature-dependence of δ0 with a few selected lines, 

(7) F 1 –F 2 , P(5) F 2 –F 1 , P(4) F 1 –F 2 , R(0), R(1), and R(6) A 1 –A 2 with

orresponding δ′ , which shows an increasing linear trend of δ0 

alues with temperature. Table 4 lists a set of selected CH 4 lines 

ith their corresponding temperature-dependence parameters ( δ′ ). 
or the lines presented in Table 4 , δ′ coefficients range between 

.87 × 10 −6 cm 

−1 /K and 8.66 × 10 −5 cm 

−1 /K with an average 

alue of 1.2 × 10 −5 cm 

−1 /K. 

Additionally, the J dependence of δ0 parameters were analyzed. 

ymmetry dependence was also considered in the analysis. Rota- 

ional dependence of δ0 values are shown in Fig. 9 (a-e). 

The J dependence of the δ0 parameter shows a different trend 

ompared to γ0 . In the P branch, for the majority of lines, δ0 val- 

es are less scattered and vary slowly with | m | . δ0 values are dis- 

ributed around ( ∼ - 0.005, ∼ - 0.003) cm 

−1 /atm, ( ∼ - 0.004, ∼ - 

.002) cm 

−1 /atm, ( ∼ - 0.001, ∼ - 0.0005) cm 

−1 /atm, ( ∼ - 0.0012, 

- 0.0 0 05) cm 

−1 /atm, and ( ∼ - 0.002, ∼ - 0.0 0 05) cm 

−1 /atm for

96 K, 463 K, 681 K, 894 K, and 1098 K temperatures, respectively. 

ote that there are a few outliers from these limits especially at 

098 K. Overall, δ0 values for the P branch with the exception of a 

ew lines at 1098 K have negative values. 

In the R branch, δ0 are more scattered at each J and we ob- 

erve significant variation in magnitude and sign of δ0 values with 

ncreasing J (see Fig. 9 ). Overall, the pressure shift coefficients are 

istributed within the same limits as in the case of the P branch, 

ut more outliers are observed compared to the P branch. Some of 

he δ0 values in the R branch are positive (see Fig. 9 ) which means

hese lines, mainly those with F symmetry, are blue shifted. The 

pectral lines in the R branch are blended due to line mixing, es- 
11 
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Fig. 9. Variation of pressure shift coefficients with rotational quantum number index m. (m = - J for P branch and m = J+1 for R branch) at (a) 296 K, (b) 463 K, (c) 681 K, 

(d) 894 K and (e) 1098 K. The shift parameters are separated into A, E and F symmetries. (f) is the J dependence of the δ0 coefficients averaged over all symmetries. 

12 
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ecially at higher pressures. Since the pressure-induced shifting is 

asily perturbed by the line mixing effect, the shifted lines could 

e affected by the lack of information on line mixing and should 

e further investigated. 

A recent study by Gharib-Nezhad et al. [23] has reported the H 2 

nduced line broadening parameters in the P branch of the ν3 band 

f CH 4 for the temperature range between 300–700 K. A compar- 

son of the line broadening parameters was made between this 

tudy and the study of Gharib-Nezhad et al. [23] using six lines 

(3) A 1 -A 2 , P(4) E, P(5) F 2 -F 1 , P(6) A 1 -A 2 , P(7) F 2 -F 1 , and P(9) F 2 -

 1 . The corresponding line broadening parameters were estimated 

sing Eq. (4) from the study of Gharib-Nezhad et al. [23] at 463 K,

nd the temperature dependence coefficients were taken from the 

upplementary table provided by Gharib-Nezhad et al. [23] . Our 

ine broadening parameters at 463 K for the selected lines are 

.054, 0.047, 0.053, 0.051, 0.051, and 0.051 cm 

−1 /atm, respectively. 

he broadening parameters for the same lines from the study of 

harib-Nezhad et al. [23] are 0.051, 0.047, 0.05, 0.05, 0.049, and 

.05 cm 

−1 /atm, respectively, which shows an average discrepancy 

f 3.3% between the values derived from the two studies. 

. Summary and conclusions 

Spectra of CH 4 in the ν3 band at five different 296 K, 463 K, 

81 K, 894 K, and 1098 K temperatures were recorded using a high 

esolution (0.01 cm 

−1 ) Fourier transform IR spectrometer. Five dif- 

erent pressures, 0 Torr, 50 Torr, 150 Torr, 240 Torr, 320 Torr and 

00 Torr of H 2 were used as the broadening agent at each temper- 

ture. Transmission spectra of the ν3 CH 4 band were obtained by 

orrecting for the cell and CH 4 emission. The transmission spec- 

ra were calibrated using HITRAN 2012 [42] . Multi-spectrum least 

quares fits of CH 4 lines were carried out, at different H 2 pressures 

or each temperature. 

Additionally, the temperature-dependence of the γ0 and δ0 pa- 

ameters was also determined. Finally, the rotational transition de- 

endence of pressure-induced broadening and shifting coefficients 

as studied. The results show a significant J dependence for the 

0 coefficients. The γ0 coefficients decrease about 20–30% for tem- 

eratures up to 894 K and about 40% for 1098 K, with increasing J 

uantum number. The δ0 values are less scattered in the P branch 

ompared to the R branch. 

There are very few studies where the pressure-induced broad- 

ning and shift parameters at high temperatures are determined 

23,41] . Our study provides a comprehensive set of pressure- 

nduced broadening ( γ0 ) and shifting ( δ0 ) parameters, for both P 

nd R branches, at high temperatures. Our data are intended to 

ontribute to the spectroscopic analysis of H 2 -dominated hot exo- 

lanets and brown dwarfs. 
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