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Abstract

We have recorded laboratory high resolution Fourier transform spectra of methane (CH4) emission at 800,
1000 and 1273 K with an effective hot path length of 51 cm. The spectra span 2000-5000 cm~! (resolu-
tion 0.020 cm~!, nominal pressure 16.3 Torr) and 5000—6400 cm ™' (resolution 0.040 cm~!, nominal pressure
79 Torr) for each temperature. We have determined line positions and intensities for 15434, 22 163 and 25 727
emission lines in the 800, 1000 and 1273 K spectra, respectively. Positions have been calibrated to a 1o ac-
curacy of better than 0.001 cm~' in the 2000-5000 cm ™' spectra and 0.003 cm~! in the 5000—6400 cm™!
spectra based on the 2001 methane line list update in the HITRAN database. We have calculated absolute line
intensity calibration factors for these lines based on HITRAN intensities scaled to the appropriate temperature.
In addition, since some methane lines in our spectra appeared in absorption, we have directly used intensi-
ties calculated from HITRAN for 757, 839 and 1094 additional lines in the 800, 1000 and 1273 K spectra,
respectively. We expect our new hot methane line lists to be useful for direct comparison and simulation of
the spectral energy distribution from brown dwarfs and hot extrasolar giant planets, and may also be used
for comparison with line lists generated by both ab initio quantum chemists and more traditional theoretical
spectroscopists. Furthermore, the method we have developed for obtaining high temperature line lists can be
applied to other molecules in the HITRAN database.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In this work, we present new high resolution spectroscopic line lists based on the infrared emission
of methane (CHy4) at 800, 1000 and 1273 K. Currently, one of the best existing line lists for methane
appears as the 2001 update to HITRAN [1-3] generated for low temperature applications such as
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Fig. 1. Synthetic line spectra in the 5000—6400cm ' region based on: (a) the HITRAN line list with intensities scaled to
1273 K, and (b) our line list which includes selected HITRAN lines. An explanation of how these spectra were obtained
is given later, however, it is evident that simple extrapolation of room temperature HITRAN line lists will not adequately
represent the hot methane spectra.

modeling transmission through Earth’s atmosphere. Utilizing low temperature line lists for high
temperature applications requires extrapolation of line intensities to the desired temperature, but
a simple extrapolation does not account for missing transitions between highly excited levels. In
particular, it leads to the omission of hot bands and often results in the incorrect simulation of the
overall appearance of spectra, as illustrated in Fig. 1. Until this work, accurate high temperature
methane line lists have not been readily available, yet are highly desirable for use by ab initio
quantum chemists, more traditional theoretical spectroscopists and for a number of novel applications
in astrophysics, such as the study of brown dwarfs and hot extrasolar planets.

Brown dwarfs are objects intermediate in mass between low-mass stars and giant planets. They are
categorized into two classes, L and T [4,5], each with 10 subclasses as in the standard OBAFGKM
stellar classification system. Near infrared spectra of T dwarfs are dominated by numerous methane
and water bands [6]. L dwarf spectra are dominated by metal hydrides and CO, but the 3.3 pm
methane v; fundamental band begins to appear weakly at about L5 [7]. These methane bands have
been identified by comparison with the spectra of Jupiter or with simulated spectra based on room
temperature databases such as HITRAN [8] or GEISA [9]. The approximate temperature range for
T dwarfs is 750 K < Ty < 1300 K [5,10] and for L dwarfs, 1300 K < Ty < 2200 K [4,11], but
uncertainties remain as high as +100 K for a particular dwarf and even higher for the boundaries
of a class. It is well known that the equilibrium reaction CO + 3H, = CH4 + H,0 is temperature
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dependent and because of methane’s temperature sensitive chemistry, the v; band may be an effective
temperature indicator for late L dwarfs [12]. It has also been suggested that the abundance ratio
between methane and CO at a given pressure, is a good indicator of the temperature of a brown
dwarf [13]. The availability of laboratory hot methane spectra should prove to be useful for modeling
brown dwarf atmospheres, and as the resolution of brown dwarf spectra improves, methane spectra
may help determine better values for properties such as temperature, surface gravity and metallicity
[14].

Until quite recently, the concept of planets orbiting other stars had been only theoretical, but
over 100 extrasolar planets have been discovered within the past few years. Differences in size
and proximity to their parent stars result in a wide range of surface temperatures, spanning about
150-1600 K [15]. Many of the extrasolar planets discovered so far are gas giants very close to
their parent stars, such as HD 209458b [16] and are believed to contain appreciable amounts of
hot methane [16,17]. Although the atmosphere of HD 209 458b has been detected during transit, by
the slight dimming of the sodium D line during photometric observation of the parent star [18], a
spectrum of an extrasolar planet has not yet been recorded. Perhaps the importance of laboratory
hot methane spectra may not be realized fully until the first spectra of extrasolar planets are directly
recorded, which should be feasible in a few years.

2. Experimental work

To record laboratory spectra of methane at the temperatures desired, a portion of an alumina
sample tube sealed with CaF, windows at each end, was heated in a high temperature tube furnace,
as shown in Fig. 2. The temperature of the interior of the furnace was measured with a thermo-
couple and controlled to maintain a programmed temperature. One can assume that the portion of
the tube within the furnace, and the interior of the furnace are at the same temperature. The ends of
the tube were cooled to approximately room temperature with water-cooled copper coils to protect the
rubber O-rings necessary to maintain vacuum. The flow of ultra-high purity methane through
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Fig. 2. Experimental setup.
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Table 1
Some experimental conditions

Spectral range Resolution Temperature Pressure Flow rate Number of scans
(em™h) (em™h) (K) (Torr) (slpm®) averaged
2000-5000 0.020 1273 163 +0.2 ~ 1.5 100

2000-5000 0.020 1000 163 +£02 ~ 1.5 100

2000-5000 0.020 800 16.4+0.2 ~ 1.5 200

5000—-6400 0.040 1273 792 +£0.5 ~ 04 380

50006400 0.040 1000 78.6 £ 0.5 ~ 04 380

5000—6400 0.040 800 788 £ 1.0 ~ 04 508

slpm = standard litres per minute.

the tube (without a broadener or buffer gas) was controlled with a needle valve and monitored using
a simple flowmeter. A flow system was used in order to prevent the build-up of impurities and loss
of sample that usually occurs when scanning for long periods of time with a sealed heated system.
Emission from the hot methane was focused using a CaF, lens and directed toward a Bruker® TFS
120 HR spectrometer equipped with a CaF, beamsplitter and a liquid nitrogen-cooled InSb detector.
The chamber between the spectrometer and the CaF; lens was continuously purged with dry nitrogen
gas to decrease absorption from atmospheric H,O and CO,. The spectra obtained consist mainly of
emission lines, but for some spectra, a few absorption lines due to room temperature methane in the
end of the tube are also present. In the spectra presented here, absorption was decreased compared to
our earlier attempts by positioning the furnace so as to minimize the cold path length, and directing
the methane flow toward the spectrometer allowing hot methane to flow into the cooled portion of
the tube directly in front of the spectrometer.

At all three temperatures a strong signal was easily obtained for the bands in the 2000-5000 cm ™!
region at a resolution of 0.020 cm™!. In the 5000-6400 cm™~! region with a resolution of 0.040 cm™!,
the signal was relatively weak, resulting in satisfactory spectra at 1273 and 1000 K, but a very low
signal-to-noise ratio at 800 K. Table 1 lists the number of scans, methane pressure and approximate
flow rate for each spectral region.

3. Results and calculations

The laboratory spectra are shown in Fig. 3, for illustrative purposes only, since each panel is
plotted on a different intensity scale. The general appearance of the spectra are similar for the
corresponding regions but some qualitative differences in the intensity distribution can be seen. The
upward peaks are due to hot methane emission and the downward peaks are due to absorption by
room temperature methane in the cool end of the sample tube closest to the spectrometer. Bands are
observed in the region of the prominent v; fundamental, the 2v; and 2v4 overtones, and numerous
combination bands. The spectra contain many hot bands that may not have been identified yet, but
a detailed discussion of vibrational bands is not the subject of this paper and assigning these bands
and lines will be left as a future pursuit.
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Fig. 3. Laboratory high resolution hot methane spectra. 1273 K spectra (top row), 1000 K (middle row) and 800 K
(bottom row). Each panel is plotted with a different intensity scale, but qualitative differences are evident.

Raw spectra were apodized using a Norton-Beer Weak function [19,20], and post-zero-filled by
a factor of 8. Line parameters were determined using a program called WSpectra [21]. Emission
lines in the two spectra were fitted by non-linear least squares using Voigt lineshape functions, in
three separate regions: 2000-3600, 3600—5000, and 5000—6400 cm~' for each temperature. This
resulted in nine line lists of emission lines with parameters including: line position, amplitude,
full-width-at-half-maximum and area. The number of lines for each temperature and region can be
seen in Table 2.

Absorption peaks were also fitted separately from emission, in six of the nine spectral regions.
These cool lines were useful for calibrating the wave number scale with respect to the methane
line lists found in the 2001 update to HITRAN [3,8]. Only strong, symmetric absorption lines
were chosen for calibration, as these were assumed to be isolated, unblended lines with the most
accurately determined line positions. For the 2000-5000 cm~' region at 1273 K, 20 lines were
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Table 2
Number of lines tabulated for each spectral region in the final line lists

Spectral region Temperature Number of Number of Combined
(ecm™") (K) emission lines absorption lines number of lines
2000-3600 1273 15731 709 16440
36005000 1273 5919 218 6137
5000—6400 1273 4077 167 4244
Total 1273 25727 1094 26821
2000-3600 1000 15566 751 16317
3600-5000 1000 4915 25 4940
5000—-6400 1000 1682 63 1745
Total 1000 22163 839 23002
2000-3600 800 12348 673 13021
36005000 800 2726 44 2770
5000—6400 800 360 43 400
Total 800 15434 757 16191

selected and compared to HITRAN resulting in a calibration factor of 0.99999832(19) or a shift of
—0.00588 cm ™! at 3500 cm~!. Similarly, for the 5000—6400 cm~' region at 1273 K, 28 lines were
used to determine a factor of 0.99999749(53) or a shift of —0.014307 cm~! at 5600 cm~'. (The
numbers in parentheses, are one standard deviation on the last digits.) A significant number of lines
from the 1000 and 800 K spectra indicated that their calibration factors should be the same as those
for the corresponding 1273 K region as expected, since only the furnace temperature changed, with
no changes to any relevant instrument settings.

In order to calibrate the intensity scale, first we converted laboratory emission intensities (in
arbitrary units) to absorption using equation [22]:

Semission

v3exp(—hv/kT) M

Sabsorption =

in which § is the intensity of a line and v is the frequency of the transition.

Goldman et al. [23] describe in detail, a number of factors that contribute to the intensity of a
spectral line. However, to predict the intensity of a line at a different temperature, only the ratio of
the line intensity expression at the desired temperature and the reference temperature are required
(allowing many constants to cancel). Therefore, the intensity of a line at a new temperature may
be predicted based on the HITRAN intensity in units of cm™'/(molecule cm™2) or ¢m molecule™!
using the following [23]:

g Or(To) QV(To)eXp <Elow Elow) [ 1 — exp(—hv/kT)

~ 7V 0R(T) Ow(T) KTy kT ) |1 — exp(—hv/kTy)

in which S is the intensity of a line at the reference temperature 7,=296 K, S the intensity of a line
scaled to temperature 7, Or the rotational partition function, Qv the vibrational partition function
and E),, the lower state energy.

S

(2)
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Table 3
Intensity calibration factors

Spectral Temperature Intensity Calibration Factor Relative Standard Number of
region (K) (cm molecule™") Deviation lines used
(em™")

2000-3600 1273 429 x 10712 0.277 139
2000-3600 1000 3.95 x 10712 0.236 234
2000-3600 800 4.05 x 10712 0.301 257
3600—5000 1273 129 x 1071 0.364 86
3600-5000 1000 126 x 1071 0.394 180
3600—5000 800 126 x 107! 0.429 270
5000—6400 1273 3.36 x 10712 0.488 72
5000—6400 1000 3.09 x 10712 0.507 123
5000—6400 800 3.01 x 10712 0.449 62

Using the rigid rotor, harmonic oscillator approximation, the rotational partition function was
scaled using the ratio [24]:

Or(To) _ \/(m/ABC)(kTo/hc)® < Ty )3/2 3)
Or(T)  \/(m/ABC)(kT/hc)? T) ~’
where the three rotational constants A, B, and C are equal for a spherical top such as CHy.
The vibrational partition function at each temperature was found using [24]
N
1
ov(n) =] (4)

[1 — exp(—Ei/kT)]"

i=1
in which d; and E; are the degeneracy and energy of the vibrational mode i, with the product
taken for the four fundamental vibrational frequencies of the methane molecule: 2916.5, 1533.3,
3019.49, 1306.2 cm ™! [25]. The method of calculating the total partition function ratio O(7,)/O(T)
described above agrees with empirical relationships for methane in Refs. [26,27] within 0.8% for a
test temperature of 400 K, but these relationships cannot be used to directly verify our calculations
up to 1273 K. Our values for the ratio are 0.14436, 0.073941, and 0.030586 at 800, 1000 and
1273 K, respectively. An alternate approach utilizing tabulated free energy functions [28,29] yields
0.14241, 0.072176, and 0.029286 for the same temperatures resulting in a maximum difference of
4.3% at 1273 K, confirming that our calculation is within a reasonable level of accuracy.

To determine absolute intensities for the laboratory spectra, individual laboratory lines were
matched to HITRAN lines, and in some cases two or more very closely spaced lines from
HITRAN were assumed to be unresolved, appearing as a single line in the high resolution lab-
oratory spectrum. Strong, symmetrical laboratory lines were selected if possible but some weak or
blended lines have also been included. The intensity calibration factors, number of lines used to
obtain each factor and the relative standard deviations can be seen in Table 3. The factor quoted
here is a multiplicative factor used to obtain an absolute intensity. It is applied after the conversion
to absorbtion intensity has been carried out. Although peak area was available from our line-fitting
program, we found that in practice peak height yielded a more reliable and consistent line intensity.
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Fig. 4. Synthetic line spectra at 800 K based on: (a) laboratory emission lines converted to absorption and supplemented
with HITRAN lines to account for observed strong absorption lines, and (b) laboratory emission lines converted to
absorption and supplemented with HITRAN lines to account for observed strong absorption lines and any other calculated
lines with intensities greater than the strongest experimental line. (Note the abrupt shape in the upper intensity distribution,
uncharacteristic of real spectra.)

This likely occurred because area is much more sensitive than amplitude to errors in the position
of the baseline, since the base of the peak makes such a large contribution to the total area. The
accuracy of our absolute intensities is considered in the discussion below.

In order to produce a more complete line list, missing emission lines corresponding to the observed
absorption lines had to be included, so we matched individual absorption lines from the laboratory
spectra to individual HITRAN lines that had their intensities scaled to the appropriate temperature.
For the 1201 absorption lines observed in our spectra, a few had no match in the HITRAN line
list and thus were discarded. More frequently, absorption lines were matched to multiple unresolved
HITRAN lines, resulting a total of 1260 temperature-scaled HITRAN lines added to our lists in
this way. The HITRAN line lists occasionally have multiple lines at exactly the same line position
(and sometimes even the same intensity) corresponding to multiple transitions. Although we do not
list assignments for our lines, any absorption lines at the same wave number but corresponding to
different transitions have been left separate in our lists and appear as repeated entries.

When synthetic line spectra are created from the laboratory emission line lists supplemented
with absorption lines as described above, the strong lines greatly affect the overall shape of the
spectral distributions. Although the added lines appear with the positions and intensity distribution
characteristic of real spectra, it is obvious that they end far too abruptly in the 2000-3600 cm ™!
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region (see Fig. 4). Evidently the lines that we observe are the superposition of hot emission lines
and cool absorption lines. For those branches that connect to the ground vibrational levels the low-J
lines appear in absorption and the high-J lines in emission and at some J value the emission and
absorption will approximately cancel. The lines that we have added correct only for these low-J lines.
To correct for the abrupt ending of branches that is uncharacteristic of real spectra, and to account
for some of the lines that have diminished or even zero intensity, we have also added all lines in
each region that should theoretically occur at intensities greater than the strongest observed line in
that region, since these have the largest impact on the overall shape of the spectral distribution. This
amounted to the addition of 1430 more lines, making a total of 2690 added HITRAN lines, which
can be easily distinguished because they appear in our line lists without an amplitude, line width or
area. By including the HITRAN lines in our line lists with slightly different fields, a user can easily
sort the lines and remove the HITRAN lines if desired. An example of the HITRAN methane line
list is given in Fig. 5 and an example of our line lists for the same region can be seen in Table
4. The exact number of lines added directly from HITRAN for each region is listed in Table 2.
In total, our line lists contain nearly 66000 lines, however, since most lines are observed at more
than one temperature (Table 4) we estimate the number of unique lines at about 40 000, somewhat
greater than the total number of lines at 1273 K (Table 2).

4. Discussion

Based on our calibration using HITRAN, we claim a 1o absolute accuracy of better than 0.001 cm™!
for line positions in the 2000-5000 cm ™! spectra and 0.003 cm~! for the 5000—6400 cm™~! spectra.
We suggest an accuracy of a factor of two or better for our intensities. A higher level of accuracy for
intensities would be desirable, but with absolute intensities spanning over four orders of magnitude,
this is a reasonable result. Emission intensities are generally quite difficult to calibrate, with the
limits on accuracy in our case arising from various sources. Firstly, no attempt was made to correct
our experimental intensities for the variation in sensitivity that occurs over a given wave number
range for an InSb detector. Secondly, for a hot polyatomic molecule such as methane, most spectral
lines overlap, and fitting overlapping lines in a program such as WSpectra can produce some inac-
curate intensities. Furthermore, although we estimate the accuracy of our measured temperature to
be better than +10 K, we cannot ignore the fact that with our experimental setup, during a single
scan we are not recording a spectrum of methane at a single temperature, but at some distribution
of temperatures. The absorption lines due to cool methane make this point obvious, yet these are
perhaps less problematic since they can be distinguished. Of the entire length of tube and fittings,
the 51 cm fully contained in the furnace should be at the desired temperature. At the end of the tube
between the furnace and the spectrometer, 36 cm of tube are at approximately room temperature,
leaving about 4 cm between the furnace and spectrometer at intermediate temperatures (see Fig. 2).
In the intermediate temperature portion, hot methane emission still occurs, contributing spectra with
a slightly different intensity distribution but identical line positions. This results in some inaccuracy
in line intensities for the final spectrum, but it should not be severe due to the very small path
length and the lower total photon flux that occurs at lower temperatures. High temperature absorp-
tion measurements at a defined temperature would be superior to emission, but are technically more
challenging to obtain.
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21260
85620
95810
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58810
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32190
95380
95380

75-.
63-.
75-.
75-.
75-.
65-.
65-.
75-.
63-.
75-.
75-.
63-.
65-.
63-.
75-.
63-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
65-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
75-.
65-.

005842
006076
005842
005842
005842
003880
006076
005842
006076
005842
005842
006077
006077
006077
005842
006077
005842
005842
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. 005843
. 005560
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. 005843
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. 006078
. 005844
. 006078
. 005844
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6
20
17
20
6
6
36
6
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1419 7 E 19 5 E 332372521

119A2
1415 1
1422 7
1423 1
113A2
114F2
141414
120F1
1414 2
14 6 3
120E
114F2
120F1
141615
120A1
1423 2
141911
142016
2 6E
14 91
1419 5
14 3 0
2 9A1
1412 5
141917
1 2F2
2 6F2
1420 5
1422 7
142218
1412 1
141816
14 8 2
14 9 7
1416 4
1410 6
114F2
210F1
1 3F1
113A2
142017
1 3E
2 5E
120E
2 9F1
2 8F1
211F2
2 TA2
1417 9
2 5F1
2 9E
1417 0
1411 2
2 6E
120F2
141510
2 6F2

16
Al
E
E

13

38

45

E
a7

18A1
14 6
22 5
23 1
12A1
13F1
13 8
19F2
131
55
19E
13F1

5F1
20 1
22 8
2217
11 4
1815
71
8 7
16 2
97
13F1
10F2
2F2
12A1
2016
2E
4E
19E
9F2
8F2
11F1
7A1
17 6
5F2
9E
16 7
10 2
5E
19F1
15 7
5F1

1415 4 Al 14 9
1415 4 A2 14 9

454352129
332372521
332372521
332372521
366312123
222312129
332372521
454352129
332372521
332372521
222312129
222312129
222312129
332372521
222312129
332372521
332372521
332372521
332332329
332372521
332372521
532372521
332332329
332372521
332372521
566312123
332332329
332372521
332372521
332372521
332372521
332372221
334372521
532372521
332372521
332372521
222312129
332332329

84352123
332312129
332372521
566352123
332332329
222312129
332332329
332332329
332332329
332332329
332372221
332332329
332332329
334372521
332372521
332332329
222312129
332372521
332332329
A2 332372521
Al 332372521

AmwwmmMmgmmbmwNHmHHmHmmmm%mmmmwpmmpmmmmmmgpmmwpmmbmwmmmgp

sample of the HITRAN methane line list. The first three columns are Molecule/Isotopomer, Line
position, and Intensity, where '>CHy is molecule/isotopomer 61 in HITRAN. An explanation of all other columns is given
earlier in this issue [8]. The asterisks (*) denote lines that were observed in our experimental spectra.

Calculating integrated intensities can be used as a rough validation of our intensity determination.
The integrated intensities of room temperature methane bands have been determined by many groups
in the past, as described in a review by Kim [30]. A recent determination for the 3-5 um (2000

-3333 cm™!) region, of the '?CHy isotopomer arrived at a value of 1.122 x 10

—17

cm molecule™

1
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Table 4

A 1 cm™! sample of our line lists at each temperature for the same region as the HITRAN list shown in Fig. 5

289

Wavenumber Intensity Amplitude Full width Eq. width
(em™h) (cm molecule ™) (a.u.) (em™h) (a.u.)
800 K 3038.028622 372 x 1072 0.00109 0.016452 0.019
3038.054737 573 x 1072 0.00168 0.006485 0.012
3038.089680 457 x 1073 0.00134 0.011260 0.016
3038.121776 2.80 x 1072 0.00822 0.020758 0.182
3038.170229 426 x 1075 0.00125 0.028796 0.050
3038.286596 580 x 107% 0.00170 0.040725 0.074
3038.448756 638 x 1072 0.00187 0.035696 0.071
3038.498429 1.30 x 1072
3038.538967 1.00 x 10~% 0.00294 0.022130 0.069
3038.603785 740 x 1075 0.00217 0.045890 0.106
3038.639924 587 x 107% 0.00172 0.019724 0.036
3038.685432 1.64 x 1072 0.00481 0.024227 0.129
3038.723566 651 x 107% 0.00191 0.005832 0.012
3038.760128 8.08 x 1072 0.00237 0.046797 0.174
3038.803031 2.66 x 10723 0.00078 0.024079 0.024
3038.896893 2.65 x 1072 0.00778 0.033793 0.280
3038.973315 1.51 x 1072 0.00444 0.027050 0.128
1000 K 3038.120023 1.64 x 1072 0.01475 0.024944 0.521
3038.169770 479 x 1072 0.00430 0.021084 0.097
3038.203046 1.63 x 1072 0.00146 0.023254 0.036
3038.286758 6.69 x 107% 0.00600 0.037464 0.239
3038.498429 6.65 x 1072
3038.540320 932 x 107% 0.00836 0.019267 0.171
3038.596851 6.70 x 1072 0.00601 0.027457 0.188
3038.642035 467 x 1073 0.00419 0.017683 0.099
3038.684932 1.96 x 1072 0.01755 0.025238 0.567
3038.723274 571 x 1072 0.00512 0.006477 0.049
3038.753539 8.83 x 107% 0.00792 0.030800 0.346
3038.796438 598 x 1072 0.00536 0.049406 0.416
3038.896236 320 x 1072 0.02872 0.035887 1.118
3038.973872 1.83 x 1072 0.01645 0.030413 0.532
1273 K 3038.113055 8.55 x 1072 0.01804 0.046161 1.299
3038.169486 488 x 1072 0.01029 0.021677 0.237
3038.204781 231 x 1072 0.00488 0.025423 0.132
3038.284136 6.46 x 107 0.01362 0.032546 0.472
3038.318484 340 x 107% 0.00718 0.031351 0.239
3038.498429 270 x 1072
3038.683734 1.48 x 1072 0.03128 0.023377 0.778
3038.772848 468 x 1075 0.00986 0.091392 1.296
3038.895711 2.83 x 1072 0.05958 0.035808 2.271

Note the easily distinguishable absorption line at 3038.498429 cm™ .

1
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Table 5
Intensity sums from our line lists and from temperature-scaled HITRAN line lists

Spectral region Temperature Intensity sum HITRAN intensity sum Ratio to
(ecm™") (K) (cm molecule™") (cm molecule ™) HITRAN
2000-3600 1273 489 x 10718 476 x 10713 1.03
3600—5000 1273 240 x 107" 2.07 x 107" 1.16
5000—6400 1273 259 x 1072 1.48 x 1072 1.75
2000-3600 1000 7.66 x 10718 751 x 10718 1.02
3600—5000 1000 3.80 x 107" 379 x 107" 1.00
5000—6400 1000 334 x 10720 3.09 x 1072 1.08
2000-3600 800 7.77 x 10718 9.53 x 10718 0.82
3600—5000 800 456 x 107" 557 x 107" 0.82
5000—6400 800 333 x 1072 511 x 1072 0.65

296 K [31]. Inclusion of the '*CH,; and '>CH;D isotopomers at their natural abundances would
increase the total intensity by less than 2%. A very good approximation to the integrated in-
tensity can be found by taking the sum of HITRAN intensities at 296 K which yields 1.129 x
1017 cm molecule™' for the main isotopomer over the 2000—3333 cm™' range. Scaling the
HITRAN intensities to 800, 1000 and 1273 K and summing each again, causes a decrease in the total
intensity for any region as temperature increases, as seen in Table 5. A comparison of our intensity
sums for both the emission and absorption lines to the temperature-scaled HITRAN intensity sums
of the three regions at three temperatures, yields results from 65% to 175% of the scaled HITRAN
sum. We attribute the values lower than 100% to missing weak lines due to the low signal-to-noise
ratio obtained during measurement, most notably for the 800 K line list in the 5000—6400 cm™!
region, and to a lesser extent in other regions as well. Elsewhere, the intensity sums are greater than
or equal to the value predicted by scaling HITRAN to the appropriate temperature. We acknowledge
the fact that a small error in these intensity sums occurs because our method of adding absorption
lines could occasionally include certain lines in both emission and absorption, however, we roughly
estimate that this occurs for fewer than 300 lines out of over 66000 lines in total (most being
O-branch lines around 3000 cm™') or an error of 3% in each of the 2000-3600 cm~! regions and
negligible for the others. Hence, we cite the greater than 100% intensity sum ratios and the general
trend observed in Table 5 as evidence that simply scaling HITRAN to high temperatures gives an
inadequate representation of hot spectra, likely attributable to the omission of hot bands. However,
the combination of lines from laboratory spectra supplemented by properly selected HITRAN lines
to correct for absorption, produces a much better result.

Other approaches to obtaining high temperature methane spectra include a fully ab initio approach
to the prediction of high temperature methane spectra by Schwenke and Partridge [31] and simula-
tions by the extrapolation of room temperature data using sophisticated Hamiltonians developed at
the Université de Bourgogne [32]. Our experimental spectra are valuable for comparison with these
predictions to test and validate the models and one of our earlier 1273 K spectra is being used for
this purpose by the Université de Bourgogne group [33]. Very recently, a vibrational self-consistent
field method was applied to methane in order to predict highly excited vibration-rotation energy
levels [34,35].
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An electronic version of our line lists for hot methane may be downloaded from htp://bernath.
uwaterloo.cal CH4. A preliminary uncalibrated hot methane spectrum from our group has already
been used to identify hot methane lines produced by the impact of comet Shoemaker—Levy 9 with
Jupiter [36]. We believe that in the future, our line lists will be effective for direct comparison and
simulation of the spectral energy distribution from brown dwarfs and hot extrasolar giant planets, as
well as other high temperature applications. Furthermore, the method we have developed to create
this line list can be utilized for other molecules in the HITRAN database that may be needed for
the studies of high temperature phenomena.
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