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ABSTRACT

Laboratory spectroscopic data is essential for the modeling of hot exoplanet atmospheres,
since molecules such as methane, a major component of hot-Jupiter-type exoplanet
atmospheres, have a complex vibrational energy structure that makes computational
predictions difficult at high temperatures for ro-vibrational transitions involving highly excited
vibrational sates. To better inform line lists used in radiative transfer modelling, the ro-
vibrational spectrum of methane has been recorded in the tetradecad region between 1.7 and
1.65 pum (5880-6060 cm™) through non-local thermodynamic equilibrium (non-LTE) cavity
ringdown spectroscopy (CRDS). Non-LTE conditions, characterized by a low rotational
temperature (~39 K) and a high vibrational temperature (up to 1130 K), have been obtained
by hypersonic expansion of a pre-heated mixture of argon and methane in a contoured Laval
nozzle. The high vibrational temperature increases the intensity of new hot bands, while the
very low rotational temperature greatly simplifies their rotational structure, thus facilitating
their identification. A close comparison of the recorded CRDS data to the TheoReTS database
reveals both inefficient vibrational relaxation between polyads and efficient vibrational
relaxation between vibrational states forming a polyad. These effects result in an
overpopulation of the lowest vibrational energy level of each polyad, an effect not widely
currently incorporated in non-LTE radiative transfer models. A series of new hot band
transitions originating from the pentad and octad polyads were assigned and are provided as
a line list for use in future databases.



1. Introduction

Hot Neptune and hot Jupiters (~ 1000 K) are giant planets similar in mass to Neptune or
Jupiter orbiting very close to their parent stars [1] and their atmosphere is affected by the
presence of methane. These exoplanets are typically tidally locked to the parent star and thus
have a face constantly illuminated and a face constantly in darkness. The presence of methane
is unlikely on the day side of very hot Jupiters and Neptunes (>2000 K) because the CO + 3H;
<> CH4 + H,0 reaction evolves toward the left-hand side at high temperature, but it is expected
to be present on the cooler night side [1]. Methane can also be found in the atmosphere of
young giant exoplanets (YGE) which are self-luminous jovian planets much further away from
their parent stars. Numerous observations across different infrared (IR) bands have now
confirmed the presence of methane in the atmosphere of hot Jupiters [2—6], in the
atmosphere of YGEs [7,8], but also in the atmosphere of brown dwarfs (see e.g. the study by
Oppenheimer et al. [9] whose spectra have been used to calibrate hot methane line lists
[10,11]).

Two observation methods are currently used. The first method is the transit method,
based on the variation of the total flux of the light collected when the planet passes in front
of (primary eclipse, transmission spectrum) or behind (secondary eclipse, emission spectrum)
its star along our line of sight. The primary eclipse probes the terminator region, i.e. the
frontier border between the day and night sides, which revealed the presence of methane in
the atmosphere of XO-1b through the observation of transitions in the near-infrared (1.2 -1.8
pum) icosad and tetradecad regions (see Table 1) [4]. It has also been claimed that methane
was detected with this technique in the atmosphere of HD 189733b by observing its band
head spectrum at 2.2 um [3], although this has subsequently been disputed (see for example
Gibson et al. [12]). Conversely, the secondary eclipse probes the day side of the planet's
atmosphere. This latter approach is much more sensitive to thermal gradients, providing
access to the temperature profile of the atmosphere. It enabled the first detection of methane
on HD 209458b [2] through the tetradecad region and confirmed its presence on HD 189733b
[13,14]. Transit method observations were either performed from space with the Hubble
Space Telescope using the NICMOS camera [2—4] or from the ground with the SpeX instrument
on the NASA Infrared Telescope Facility (IRTF) [13,14]. They cover the mid-IR and near-IR
regions, typically between 1.2 and 4.2 um, but suffer from very low instrumental resolution
(R~35 [2—-4] or R = 470 [13,14]) making the identification of methane difficult because other
molecules, such as water, contribute to the very unstructured measured signals. Observing
the spectra of transiting hot Jupiter exoplanets is not, however, limited to low-resolution
space-based instruments. High-resolution spectroscopy from ground-based telescopes is also
used to detect various molecular species, including CHa (see e.g. Giacobbe et al. [15] who
confirmed the existence of methane in the atmosphere of HD 209458b). The high accuracy of
these observations on the position and intensity of the molecular lines is a guarantee of
reliability for the identification of the molecular species surveyed.

The second method of observation is direct imaging of self-luminous planets [16]. This
second method is carried out by terrestrial telescopes which observe in the atmospheric
transmission windows (K band centered at 2.2 um or H band centered at 1.65 um), but also
by the recently launched James Webb space telescope (JWST) in the region of the pentad at
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3.25 um, in the 1.66 (tetradecad) and 7-9 um (dyad) regions (see Table 1) [6]. These telescopes
offer high resolutions that make it possible to distinguish the rotational-vibrational structure
of the methane spectrum in the atmosphere of YGEs and hot gaseous exoplanets. This was
the case for the observation of methane in multiple exoplanets: HR 8799b with the OSIRIS
instrument of the Gran Telescopio Canarias (2.2 um, R ~ 4,000) [7], 51 Eridani b with the
Gemini Planet imager Exoplanet Survey GPIES (1.6 — 2.1 um, R ~ 80) [8], and more recently HD
102195b [5] (while not a transiting planet, HD 120195b has an orbital period of 4.1 days and
is therefore not a self-luminous planet) and HD 209458b [15] with the Telescopio Nazionale
Galileo (R~ 50,000). The final measurement approaches the maximum resolution typically
achievable in laboratory experiments (R ~ 108). For comparison, the two infrared spectrometer
on JWST have a resolution between 1000 and 3500 [6].

Much information has been extracted from the spectral signatures of methane in the
atmosphere of hot Jupiters and YGEs. Observations of methane in the mid-IR highlighted the
potential existence [2] or the absence [5] of a temperature inversion on HD 209458b and HR
102195b, respectively. Unexpectedly, the methane spectrum revealed a potential non-LTE
emission phenomenon in the 3.3 um band on HD 189733b [13,14], but this was later disputed
by Mandell et al. [17]. It is worth mentioning the recent comprehensive study by Wright et al.
[18] on the calculation of non-LTE spectra of various molecules, including methane, based on
ExoMol cross sections and dedicated to exoplanets. Finally, the abundance of methane was
used as a probe to deduce the eddy diffusion coefficient of the atmosphere of HR 8799b [7].
However, these observations and deductions require reliable spectral simulations to interpret
the data. The first investigations [2—4] are based on absorption coefficients evaluated by
combining high temperature data at 800, 1000 and 1273 K from Nassar & Bernath [19] with
data from PNNL and the 2004 version of the HITRAN database [20]. However, since the first
versions of HITRAN were developed on the basis of experimental data obtained at room
temperature (marked by an absence of the numerous hot bands and of high J transitions),
extrapolation to higher temperatures in fraught with risk. Recognizing this, the authors
underline the inadequacy of these databases for probing the modulations of the atmospheric
thermal profile and for constraining abundance profiles [4]. Barman et al. [7] used the ExoMol
database [21], which was presented as the most complete and precise database available in
2014 (It should be noted that the ExoMol methane line list was later replaced by a more
comprehensive updated line list up to 2000 K [22]). Meanwhile, a recent study by Guilluy et
al. [5] used the HITRAN 2012 version. A methane line list suitable for high-temperature
calculations up to 3000 K, covering 0-13,400 cm™, has been recently made available [23,24],
as part of the TheoReTS project [25]. Because of the improved reliability and accuracy of the
TheoReTS line list, confirmed by recent experimental studies and modeling [26—-31], it was
used to create the HITEMP spectroscopic database for methane [31].

The present study, part of the e-PYTHEAS [32] and TEMMEX [33] projects, focuses on the
region of the 5" polyad of methane (P,), the tetradecad (see Table 1 and Ref. [34]), consisting
of interactions between 14 vibrational states, leading to a set of 60 vibrational sub-levels
located between 5400 and 6200 cm™ [35]. It is briefly recalled that the vibrational energy
levels of methane are ordered in packets, called polyads (see Table 1), under the effect of the
accidental degeneracy linked to the ratios between the frequencies associated with the
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molecule's vibrational modes. Thus, for methane, the polyad number P obeys the relation
P=2vi+vy+2v3+vs, where v; are the vibrational quantum numbers associated with normal
modes i of the molecule. At high temperature, the infrared spectrum is composed in this
region of cold bands but also of numerous hot bands originating from the dyad (P; ), the pentad
(P,) and the octad (P;), and reaching the icosad (Ps), the triacontad (Pg), and the tetracontad
(P5), respectively. The spectra recently recorded by Ghysels et al. [26] in the tetradecad region
under LTE conditions at 964 K and by Wong et al. [27] at eight temperatures ranging from 295
K up to 1000 K illustrate well the complexity induced by these overlapping contributions.

The cold band transitions P, <— P, are well known for intermediate J values, up to 15 for
cold band transitions. Among other studies, they were investigated by FTIR spectroscopy at
liquid nitrogen temperature to perform a first global analysis of the tetradecad [35]. A
procedure combining liquid nitrogen and room temperature measurements following the so-
called 2T-method was also performed to retrieve the lower state energies [36,37]. A detailed
analysis of the LTE absorption spectrum of 2CHg in the region 58556250 cm™ of the 2v3 band
has also been reported in Ref. [38]. Additionally, the vibrational states of the icosad involved
in the first series of hot band transitions (Ps <— P;) were extensively investigated by differential
laser absorption spectroscopy [36,39] and cw-cavity ring-down spectroscopy (CRDS) [40,41],
and processed using the 2T-method, providing an interesting set of reference data. As a result,
it appears that the hot band transitions Ps <— P; are well predicted by variational calculations
included in the TheoReTS database [25], in which the line intensities have been computed
using ab initio dipole moment surfaces [42]. Up to the icosad range the line positions for low
and medium J values in the TheoReTS line lists were corrected using experimental energy
levels as described in Ref. [23].

The difficulty begins with the series of hot transitions P <— P, and P; < P; which involve
the P and P; polyads, consisting each of hundreds of interacting vibrational sub-levels (see
Table 1), whose modeling remains arduous. The upper part of the triacontad (Pg) and the full
tetracontad (P;) have been investigated by Fourier transform spectroscopy (FTS) at room
temperature [43]. High-temperature methane absorption cross-section in LTE conditions were
included in the Atlas [27] up to 8900 cm™ (the triacontad range). Both works [27,43] could
potentially provide an interesting set of data to model the hot band transition, however
corresponding line-by-line assignments are not yet achieved. Partial assignment of FTS spectra
at three temperatures from 108 to 298K in the 8850-9180 cm™ region were reported in Ref.
[42], but only for limited set of transitions. Last but not least, the sub-Doppler double
resonance experiment by Foltynowicz et al. [28,44] identifies a useful series of low-J
transitions belonging to the Py <— P, set of hot bands.

This article further improves the high temperature experimental data available for
methane line lists through the identification of transitions involving the highly excited
vibrational states of methane detectable by probing a non-LTE hypersonic flow with CRDS
between 1.7 and 1.65 um (5880-6060 cm™). The use of hypersonic expansion allows the
rotational temperature of methane to be lowered to a few tens of kelvins while limiting the
relaxation of its vibrational population to the vibrational ground state, thus allowing the
recording of rotationally-cold hot-bands [45]. It should be emphasised that the data produced
isintended to be incorporated into high temperature radiative transfer codes for both LTE and
non-LTE models.



Table 1.
The first 7 vibrational polyads of methane. The last column gives the number of vibrational levels in the polyad.

Polyad Name Energy range Vibrational  Vibrational sub-
No. (P) (cm/um) levels levels

Py Ground state 0 1 1

Py Dyad 1310-1533 (7.63 -6.52) 2 2

P, Pentad 2587-3065 (3.87 — 3.26) 5 9

Py Octad 3870 —4595 (2.57 - 2.18) 8 24

P, Tetradecad 5121-6124 (1.95-1.63) 14 60

Ps Icosad 6377 — 7650 (1.57 — 1.31) 20 134

Pg Triacontad 7603 -9177 (1.32-1.09) 30 280

P Tetracontad 8960 — 10430 (1.12 - 0.96) 40 538

2. Experimental setup

The non-LTE methane spectrum was recorded by probing a hypersonic jet of argon and
methane with high-resolution CRDS in the 1.7 — 1.65 um spectral region. Our experimental
system is named Spectroscopy of Molecules Accelerated in Uniform Gas flow (SMAUG).
Detailed description of the SMAUG experimental setup can be found in previous publications
[45,46]. Briefly, the gas mixture consisting of a carrier gas (argon) and the IR active molecule
(methane in the present study) were preheated up to 850 + 100 K in the high enthalpy source
(HES) [47] before being expanded through a specially designed contoured Laval nozzle [48]
into a low pressures chamber evacuated by a group of roots pumps. By properly adjusting
stagnation and discharge pressure, the Laval nozzle produces a remarkably collimated
hypersonic flow, which, combined with a low translational temperature, results in both
reduced convective and thermal Doppler broadenings. The technique is well-suited to high-
resolution spectroscopy compared to a free jet emerging from a circular orifice, which gives
atypical broadened absorption line shapes that are difficult to exploit for spectroscopic
purposes [49]. The absorption spectrum of the non-LTE methane molecules was recorded with
the CRDS laser beam placed perpendicular to the hypersonic flow axis. As highlighted in Fig. 1,
such a configuration causes the line of sight of the laser beam to pass through two distinct
flow regions, thus both contribute to the recorded absorption spectrum. These flow regions
are the isentropic core (IC) containing the non-LTE methane molecules, and the peripheral hot
boundary/shear layers (SL) resulting from the combined effect of an incident oblique shock
and frictional forces due to the nozzle walls and the deceleration of the high-speed hypersonic
flow under the action of the residual static gas in the low-pressure chamber. The shear layer
contribution is actually the sum of several hot sliding flow layers characterized by different
temperatures and molecular densities, so the conditions describing the shear layer were taken
to be the average of all the sub-layers. The Doppler broadening associated with these two
regions is very different, providing a convenient way to distinguish the contributions from the
isentropic core and the boundary layers (see Fig. 1).
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The high-finesse cavity of the CRDS setup (> 200,000, defined as the free spectral range
divided by the bandwidth of the resonances) is achieved using two high-reflectivity mirrors
(>99.9987%, Layertec) providing a typical ringdown time of T = 120 us, equivalent to an
absorption pathlength of 450 m when combined with an isentropic core diameter of the
hypersonic flow of 10 mm. The spectral ranges 5884-6003 cm™, 6005-6073 cm™, 6120-6140
cm™, and 6193-6219 cm™ were systematically scanned by a series of fibered distributed
feedback (DFB) diode lasers. Each of them covers a bandwidth of about 7 nm (~30 cm™) as
they were mounted on a custom made proportional integral differential (PID) temperature
stabilizer that controlled the output wavelength by adjusting the diode temperature from
-10°C to 60°C. In the reservoir, a flow of 2 sim (liters per minute under standard conditions of
pressure and temperature) of CHs is mixed with 19 slm of argon at 1040 Torr of stagnation
pressure and at around 850 + 100 K initial temperature, while the expansion chamber is
maintained at 0.5 Torr and ambient temperature. Due to difficulties related to the installation
of an adequate temperature sensor (the electric current which powers the heat exchanger
disturbs the functioning of thermocouples), the stagnation temperature is not known a priori,
but deduced from the obtained results.

.
High enthalpy source Hypersonic jet
reservoir / ...................................... SL.
{| &
_— == s o
CH, + Ar Laval " crDsS
nozzle
/
Photodiode
+ = A
Isentropic core Shear-layers

Fig. 1. Schematic representation of the SMAUG experimental setup highlighting the contribution of the isentropic
core (IC) and the shear layers (SL) to the recorded spectral data.

3. Simulation of the non-LTE CRDS spectrum from TheoReTS database

In order to identify absorption lines observed for the first time in the tetradecad region
of methane, and not yet reported in empirical line lists, the CRDS spectrum (absorption
coefficient o in cm™) was compared to a simulated spectrum generated from the TheoReTS
line list [23—25]. For this purpose, the exact experimental conditions were determined, the
task complicated by the presence of two contributing flow regions (IC and SL) with unknown
molecular densities and different rotational and vibrational temperatures. These physical
guantities were extracted by matching the simulation of well-known methane lines to the non-
LTE experimental spectrum, according to the procedure described below.



3.1. Non-LTE line intensities

TheoReTS provided transitions of the main isotopologue of methane (*2CHa,) calculated
at 296 K up to the J = 20 rotational level, with a cut-off intensity of 1032 cm.molecule™. In the

first step, the reference integrated absorption cross-section (or line intensity) S;;(T,) at To =
nLTE

296 K was converted into a corresponding non-LTE absorption cross-section Sl-j using:
vib rot EVvib _ gpyib  prot _ prot
exp [—cz <TE1 +]751 >] |[1 —exp [—cz ( J T L4+ T - >]]|
nLTE Qo (Ty) vib,v; rot vib,v; rot
Sij (Tratv Tvib,w) = Sij(To)Q (Toor) X @ ] (’1~" _ ) E, X Vi
rot\‘rot vib\ ! vib exp (_(;2 T_O) 1-— exp (_CZ T_o)
(1)

Here Qo(Ty), Qrot(Tror) and Quip(Tyip) are the LTE, rotational and non-LTE vibrational
partition functions, respectively. Ty, T, and T,;, are the standard and characteristic
rotational and vibrational temperatures (here the symbol "tilde" is used because the
vibrational population does not follow the Boltzmann distribution so that a vibrational
temperature cannot be strictly defined in the Boltzmanian sense, see infra). E; denotes the
lower energy level of the transition, decomposing into a vibrational and a rotational

component, EP'® and ET%, respectively. E}’”’ and E}""trepresent the two components of the

h.c

upper energy level of the transition and c, is the second radiation constant given by ¢, = ~

=1.4388 cm K, where h is the Planck constant, k is the Boltzmann constant, and c is the speed
of light. The third term of the equation corresponds to the induced emission, where v;; is the
wavenumber of the transition, and it is neglected throughout our simulations since its value is
0.999 for our temperature conditions for a line centered at 6000 cm™. The following simplified
equation was therefore systematically applied:

exp

gVib  grot

0 (To) _CZ<T TG t)

- Iro
SHTE(Trot, Toiny,) = Sij (T, S
Y ( rot mb'vl) U( 0) Qrot(Trot) XQuib (Tyip) exp(—czf—;)

(2)

Note that T}, is properly defined since the population of the rotational states were
distributed according to the Boltzmann distribution [45]. On the contrary, the vibrational
population was not distributed according to the Boltzmann distribution [45], so T;,; was
defined for each lower vibrational level by considering the populations of the vibrational
ground state (n,) and the excited state (n,,), according to the following equation:

th}’ib (3)

Tyiby; =
ot ; 9v;No
L ( l“ )
GoNy,



where g, and g,, are the statistical weights of the ground state and the v; vibrational level,

respectively.

3.2. The non-LTE partition function

Systems in a non-LTE state are characterized by the population of the levels deviating
from the Boltzmann law while the molecular velocity distribution remains Maxwellian. In this
state, the translational, rotational, and vibrational levels of a molecular system adjust to
equilibrium at very different rates. For such conditions the populations of the states can no
longer be determined by simple Boltzmann statistics but rather by a mixture of collisional
reactions and exchange of vibrational quanta. The former can involve both vibrational-thermal
and vibrational-vibrational exchanges, and both can involve a multiplicity of levels and
exchange partners. Edwards et al. [50] has shown that this state can be described with a
similar probability formalism as LTE by introducing at each point a set of vibrational
temperatures, Tui,v, in place of the kinetic temperature, T (see Eq (3)) in atmospheric

modeling. These vibrational temperatures are defined by the vibrational level populations
determined by solving the statistical equilibrium equations (SEE), which consider a large
number of excited states of different molecular species coupled by a variety of collisional
energy exchange processes and by band overlapping, together with a detailed model of
atmospheric stratification. The model includes vibrational-thermal (V-T) and vibrational-
vibrational (V-V) collisional processes, absorption of solar radiation, exchange of photons
between atmospheric layers, and spontaneous emission (for details see Ref. [50] and
references therein).

For conditions where the temperatures giving the populations of vibrational and
rotational states are different, the determination of the non-LTE partition sum (for full details
see Ref. [51]) proceeds by writing the energy of vib-rotational states as E,; = E;, + E;. The
partition sum can be written as

—he(Ey+E)) —he(E, ~hc(Ey)
Q(T) =ngje ]/kT=nge “ )/kTXZg;e P 4
v,J

v J

where gy = gv g, are the vibrational and rotational degeneracies. This is called the product
approximation (PA). The total internal partition sum (TIPS) can be written as

Q(Tkin) = Qv(Tv)Qr(Tkin) (5)

where Tk, is the kinetic temperature and T, is the set of vibrational temperatures describing
the system. The vibrational partition sum is



—hcE,
Qv (Tkin) = Z gve /kT,, (6)

all
vibrational
states

and the rotational partition sum is

—hCE]/kT

Qv (Tkin) = Z gje @)

all

rotational
states

Because the vibrational levels are in non-LTE the usual expression for the vibrational
partition sum, for example, Herzberg’s harmonic approximation (HA)[52] and that including
anharmonic corrections to the vibrational levels [53], cannot be used. Rewriting Eq. (6) as

Vmax ~hCEy,
/kTvib,Vi

Qy(T) = Z gv; e

vi=1

(8)

where the tilde labels a non-LTE quantity, T is the kinetic temperature and Tup,y, is the

vibrational temperature for state v;. The sum goes up to some maximum vibrational level, Vmax,
that ensures convergence of the sum. The Tui,,, are determined for each vibrational state by

chemical-dynamical models [50,54-57] or other means (see sections 4.5 and 4.7). It should
be noted that many vibrational states are not involved in the chemistry and dynamics that
shifts population, so for these states, Tui, . is the kinetic temperature.

For 2CH,4, an effective Hamiltonian calculation of the ground vibrational state term
values was done up to J=80, giving values complete to 30,424 cm™ ensuring convergence at
all temperatures [51]. The rotational partition sum was computed by direct summation. For
13CH4, the rotational constants were from Dang-Nhu et al. [58] and were used to compute Q:
values using McDowell’s spherical-top formula [59]. For both isotopologues, the vibrational
term values were determined to very high levels: 134,152.1 cm™ and 134,152.1 cmY,
respectively. However, given the temperatures of this study a cutoff of 15,000 cm™* will insure
convergence of the partition sum.

Rotational partition sums were determined using Eq. (7) or the analytical model from
T=1-2500 K [51,60]. These Q,-(T), values were used in an in-house-developed FORTRAN code
(version: NLTE_TIPS_CH4_2021.for) that rapidly recalls Q,.(T),. The vibrational term values
were put into a file, which includes the Tui,,, for each state. This file was called by the code to

determine Q,(T) and the total internal partition sum given by 0, (T)Q,-(T). The code, which
computes the non-LTE TIPS for nine molecules (including methane) of importance in planetary
atmospheres, is publically available at zenodo.org [60].
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3.3. Simulation of the absorption coefficient

The total absorption coefficient, a(v), where v denotes the wavenumber, was
simulated by adding the absorption coefficients relative to the cold (IC) and hot (SL) gas layers
of the main isotopologue 2CH,4 according to Eq. (9). Due to low static pressure in the jet, from
0.05 Torr in the isentropic core region up to 0.5 Torr in the shear layers [45], there was no
need to consider pressure broadening. Thus, the CRDS spectrum was simulated by applying a
purely Gaussian line shape g(v — v,) to the non-LTE calculated line intensities S7}*"* (see Eq.
(2)). The full width at half maximum (FWHM) was set to 0.01 cm™ for the IC and 0.0215 cm?
for the SL. The corresponding molecular densities, n;- and ng;, were then adjusted in order to
best match the observed spectrum (It should be noted that the value of n; correctly reflects
the density of the isentropic core whose spatial extent along the line of sight is relatively large
[45]. In contrast, the situation is more complex for the peripheral gas layers of the flow. The
value of ng; is in fact an average value resulting from both a shock layer created at the nozzle
outlet and the boundary layer resulting from the friction of the gas on the nozzle walls). Once
the correct temperature values and partition functions were established, the exact density
values (ICand SL) were easily retrieved by a global adjustment of the calculated line absorption
coefficients to the experimental spectrum.

alz (v) = Z n,C.Si’}LTE.g(v—vij)+ Z nSL.S{]L-LTE.g(v—vU) (9)

12¢H,(10) 12CH,(SL)

Both the 2CH4and the '3CHgisotopologues were present in natural abundances in the
jet. However, only transitions departing from the ground state were considered for the latter
isotopologue, since its natural abundance is 1.07%, meaning the intensity of its hot bands was
too weak to contribute significantly to the experimental spectrum. Furthermore, concerning
13CH4, an LTE spectrum was simulated at the rotational temperature of the isentropic core and
its intensity adjusted to the experimental intensity by using an ad hoc constant multiplying
factor in Eq. (10). Such a factor was needed since the LTE partition function provided by
HITRAN [61] is not adapted to our non-LTE conditions. Thus, the constant contains both the
density of 1*CH4 and the correction for its partition function.

asim(v) = alZ (v) + z const. SiLjTE.g(v — vl-]-) (10)
13¢H,(IC)

3.4. Non-LTE experimental and simulated spectra

Fig. 2 panel (a), shows the recorded hypersonic jet spectrum (black) and the simulated
spectrum (pink) of methane. Altogether, more than 6200 methane absorption lines were
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obtained by fitting the experimental data. The missing spectral gaps were due to the lack of
available diodes in the laboratory. In addition, the most intense absorption lines are absent
from the observed spectrum, while they are clearly visible in the simulated one. This is a
consequence of the very high finesse of the optical cavity, which resulted in complete
absorption of the light over these strong transitions, saturating the spectrometer. Panel (b)
highlights the existence of the two different flow regions (IC and SL) and their very distinct line
broadening characteristics, along with the appropriate simulation of each using Eq. (9). The IC
lines correspond to low-J rotational values (Jiow < 4, typically), whereas SL lines are associated
with higher-J rotational values. As an illustration, the assignments of the strongest lines shown
in panel (b) are provided in Table 2. It should be stressed that the absorption lines were
simulated using Eq. (10) (which relates to both *?CH4 and '3CH,4 isotopologues) without any
adjustment of the line positions provided by the TheoReTS line list. Only the densities of the
isotopologues were adjusted to best match the intensity of the simulated spectrum to the
intensity of the observed spectrum.

Table 2.

Assignment of the strongest transitions shown in panel (b) of Fig. 2. Column 1: line label according to Fig. 2b;
column 2: wavenumber of the transition; columns 3-5: intensities (line integrated absorption cross sections)
given at 50, 80 and 400 K under LTE-conditions to illustrate the effect of temperature; column 6: lower energy
level; column 7: upper polyad; column 8: vibrational quantum numbers of the upper state; column 9: symmetry
of the upper vibrational state; column 10: quantum number (J-value) relative to the total rotational angular
momentum of the upper state; column 11: ro-vibrational symmetry of the upper state; column 12: lower polyad;
column 13: vibrational quantum numbers of the lower state; column 14: symmetry of the lower vibrational state;
column 15: J-value of the lower state; column 16: ro-vibrational symmetry of the lower state.

IC lines

Line | v (cm?) Intensity (cm.molec?) Elow (cm’?) Pup | (VWWV)yp | (Cv ) Clup Plow | (VWWV)iow | (CV J Cliow

IC lines 50 K 80K 400 K Upper level Lower level

Ic1 6120.58572 5.660e-23 | 8.797E- 3.483E- 104.77284 4 0210 F2 5 | A2 0 0000 Al 4 Al
23 23

Ic2 6121.13002 3.840e-23 | 5.969E- 2.364E- 104.77470 4 0210 F2 5 F2 0 0000 Al 4 F1
23 23

Ic3 6121.35334 2.844e23 | 4.420E- 1.750E- 104.77603 4 0210 F2 5 E 0 0000 Al 4 E
23 23

Ica 6121.68309 5.457e23 | 8.483E- 3.350¢- 104.78001 4 0210 F2 5 F1 0 0000 Al 4 F2
23 23

SL lines

sL1 6123.00241 <e28 1.197e- 1.371E- 689.70539 4 0020 2 [ 12| F2 0 0000 Al 11 F1
22 2

sL2 6123.58901 1.424e-28 | 1.913e- 2.192E- 689.86232 4 0020 PR |12 M 0 0000 Al 1 | A2
22 22

s13 6124.05689 1.241e-28 | 1.670e- 1.915E- 689.95685 4 0020 2 | 12 | R2 0 0000 Al 11 F1
22 2

SL4 6124.16057 <e28 1.187e- 1.360E- 689.86232 4 0020 F2 | 12 | AL 0 0000 Al 11 | A2
22 2
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Fig. 2. Observed and simulated spectra of methane. Panel a: Experimental (black) vs simulated (pink) non-LTE
hypersonic jet spectrum of methane, note that the strongest absorption lines are not observed (see text). Panel
b shows part of the spectrum demonstrating the influence of the two different flow regions. The orange lines
correspond to the isentropic core (IC) meanwhile the blue lines indicate the contribution of the shear layer (SL).
The IC transitions start from low J-values (Jiow=4) while the SL transitions start from higher J-values (Jiow=11).

3.5. Temperature extraction

The rotational and vibrational temperatures of the different flow regions must be
specified with care to correctly simulate the experimental spectrum. The notion of vibrational
temperature is ambiguous here since the vibrational population, contrarily to the rotational
one [55], does not follow Boltzmann's distribution law. In practice, see Eq. (3), the population
ratio between the excited vibrational level and the ground state leads to a vibrational
temperature which is specific to each particular vibrational level, so that it is necessary to
define as many vibrational temperatures as there are significantly populated vibrational
energy levels.

Secondarily, the rotational and non-LTE vibrational partition functions have to be
determined. This is an iterative process, in which the rotational temperature (T,,¢) is initially
established and the corresponding rotational partition function Q. (Tyo¢) is calculated using
the non-LTE TIPS code (NLTE_TIPS_2021) [51,62]. This is followed by the determination of the

vibrational temperatures (TIC/SL

vibv; ) that serve as the input data for the partition function code
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that differentiates all the vibrational levels and their different symmetries and calculates a
non-LTE vibrational partition function Qy;, (Tyip).

3.6. Rotational temperatures

As it is mentioned above, one rotational temperature was sufficient to describe either
of the flow-regions (IC and SL), indicating an efficient rotational relaxation of the methane
molecules in the jet. In our study, the rotational temperature was derived from the relative
intensities of the absorption lines belonging to a same vibrational band. This approach has the
advantage of avoiding the explicit computation of the rotational partition function at this stage
of the analysis. From a practical point of view, the ratio between two integrated absorption
coefficients is equal to the ratio between two integrated absorption cross sections and so Eq.
(1) leads to Eq. (11), in the particular case of two R(0) and R(1) rovibrational transitions:

a S T. S T, Ergt _ rgt Er=ot_ rgt
RO __ RO( rot) _ RO( 0) <C2 J=1 ] 0>/exp<c2 J=1 ] 0) (11)

= = exp
arr  Sr1(Tror) Sr1(To) Trot Ty

From transitions departing from J = 0, 1 and 2, the rotational temperature of the isentropic
core was determined to be TS, = 39 + 5 K, while transitions J > 7 are used to obtain the
rotational temperature of the shear-layers: TS5 = 375 + 25 K, as illustrated in Fig. 3. Since the
experimental setup has an instrumental upper limit which saturates the lines that are too
intense, in particular the low-J lines of the cold bands, unsaturated low-J lines from the 3CH4
isotopologue were chosen to retrieve the rotational temperature of the isentropic core. As
can be seen in Figure 3a, the R(0), R(1), R(2) and R(3) lines of the '3CH4 isotopologue are narrow
because they originate predominantly from the cold gas of the isentropic core of the flow, and
in contrast to the lines of the main isotopologue *?CHs, they are well isolated, with no overlap
with other transitions (cold and hot bands of the main isotopologue of the isentropic core
and/or of the shear layers) and are therefore ideal for a reliable extraction of the rotational
temperature of the isentropic core. The higher J-value transitions of the 3CH, isotopologue
are too weak to be measured accurately, so the ro-vibrational transitions P(7), P(8), P(9) and
P(10) of the main isotopologue *>CHs were used to extract the rotational temperature of the
shear layers, as shown in Fig. 3b.
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Fig. 3. Determination of the rotational temperatures using tetradecad — GS transitions. Panel (a): simulated *3*CHa
lines of low-J rotational levels to obtain the rotational temperature of the isentropic core. Panel (b): simulated
12CH, lines of higher-J rotational levels to determine the rotational temperature of the shear-layer.

3.7. Vibrational temperatures — dyad

The same strategy is applied to calculate the vibrational temperatures, but this time
the absorption coefficient of rovibrational transitions starting from an excited vibrational level
(hot band transitions avl.) are compared to rovibrational transitions issuing from the ground
state (GS) (cold band transitions as). Eq. (12), resulting from Eq. (2), is applied to a sufficient
number of rovibrational transitions to retrieve a reliable vibrational temperature (T;,,,) for

each vibrational state v; (either v, or v, in the case of the dyad):

ETOt,GS(i_ 1 )]
aGs _ Sgs(To) exp[cz L To Trot (12)
= : . -
Qy; Svl-(To) CZ_Elrot,w . Egllb IE‘;‘O ViN 1’
To > Tviby; Trot
63 i rot,v; .
where E;°"" is the energy of the lower rotational energy level of the cold band, E; """ is the

rotational energy of the lower rotational energy level of the hot band starting from the v;

15



vibrational state, and E},’iib denotes the vibrational energy of the lower vibrational energy level
of the hot band.

This method works well for the vibrational states of the dyad (P; polyad of methane)
for which the TheoReTS ab initio line list is sufficiently accurate for direct identification and
comparison between calculated and experimental fitted lines. In this way, the dyad polyad in
the isentropic core can be described with two vibrational temperatures Téfbm = 877(100) K
and Tlfl-Cb,vZ = 334(21) K, reflecting a much stronger intra-polyad vibrational relaxation than
inter-polyad relaxation. The population of the v, state located at 1533 cm™ partially empties
on the first v4 state of the polyad located at 1310 cm™* which does not, or only slightly, relaxes
down to the GS. These results agree well with the observation of previous studies conducted
on slit jet expansion flows with high stagnation temperatures [63,64]. Fig. 4 compares the
different vibrational population probabilities under LTE conditions in a reservoir heated to 800
K (red) and under the actual non-LTE conditions in the hypersonic jet (blue). Under LTE 800 K
conditions, the population is distributed over more than 30 rotational levels, resulting in a
lower percentage of population probabilities for each individual rotational level and therefore
relatively weak absorption line intensities. Thus, the strong rotational relaxation in the
hypersonic jet not only simplifies the rotational structure of the spectrum, but at the same
time provides much more intense absorption lines. Concerning the inter-polyad relaxation,
there seems to be no significant relaxation of the population of the dyad down to the GS,
which is in good agreement with the former observations by Bronnikov et al. [63]. This is
summarized in panel (c) of Fig. 4, where the intensities of P(5) transitions starting from the
ground state are comparable to P(3) and P(4) transitions issuing from the v, vibrational state.
At the same time, the non-relaxation from one polyad to another along with an efficient intra-
polyad relaxation leads to effective vibrational temperatures which can be much higher than
the stagnation temperature, which contributes to an increase in intensity of the transitions
originating from the first state of each polyad.

The shear layers can be described with similar vibrational temperatures Ty}, = 797(175) K
and Tlfl-%_vZ =730(166) K. This suggests that the different frictional — and probably turbulent —

processes in the shear-layers result in a higher frequency of molecular collisions compared to
the isentropic core, favoring vibrational-rotation and vibrational-translation energy transfer
between molecules.
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Fig. 4. Representation of the occurring vibrational relaxations. (a): Schematic illustration of the ro-vibrational
energy structure of the dyad polyad of methane, highlighting the occurring relaxation types. (b): simulated
comparison of the rotational and vibrational population probabilities between LTE 800 K (red) and hypersonic jet
(blue) conditions. (c): simulated spectra under LTE 800 K (red) and hypersonic jet (blue) conditions emphasizing
the magnified Ps-v, transitions in the hypersonic jet expansion (where P; denotes the icosad).

3.8. Vibrational temperatures — pentad

At first, recently experimentally identified hot band transitions [44] starting from the
v vibrational state were targeted with the non-LTE CRDS experiment. However, none of them
were observed, although they correspond to low-J rotational transitions. As depicted in panel
(a) of Fig. 5, the pentad polyad consists of 9 close sub-vibrational levels which facilitates
efficient intra-polyad relaxation, therefore explaining the absence of these particular
transitions. Considering the signal-to-noise ratio of the experiment, the absence of transitions
starting from this vibrational state sets a maximum vibrational temperature Téﬁw3 of 500 K,

above this temperature the transitions would have been detectable in the recorded spectrum.
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The next spectral targets were a small number of transitions belonging to the
0030 « 0000 cold band (3vs « GS) involving the triacontad (P4 polyad), reported in Ref. [42]
and in the HITRAN database [65]. The knowledge of the precise position of the final vibrational
energy level, in this case the 3v, allowed the prediction of precisely calculated line positions
starting from the pentad and ending on this particular upper energy level. These specific
transitions were used to associate a vibrational temperature to the first two vibrational states
of the pentad: T, 5, a1y = 1130 + 91 Kand Tjf, 5y, 2y = 860 + 100 K.

Unfortunately, due to the lack of other reliable rovibrational transitions, it was not
possible to experimentally determine the vibrational temperature associated with the other
vibrational states of the pentad. It was therefore decided to consider a “local” Boltzmann
distribution population within the vibrational energy levels forming the pentad. The
population of the different energy levels, and their associated temperature, was thus
extrapolated by considering the same intra-polyad relaxation as occurred between the
2v4(A1) and 2v,(F2) states. These assumed temperatures, presented in Fig. 5 (in grey), were
used as input values for the calculation of the non-LTE vibrational partition function. As a
remark, this extrapolation leads to Tlff =212 K which is consistent with the limit of 500 K set
for the v;vibrational level. Fig. 5 further highlights the strong “intra-polyad” relaxation
responsible for an accumulation of the polyad population onto the 2v, (A1) lowest vibrational
state of the polyad, which is more than 4 times higher for the non-LTE hypersonic jet than it
would be under LTE conditions. It is remarkable that the vibrational temperature associated
with 2v, (A1) is much higher than the initial temperature of the gas before its expansion.
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Fig. 5. Representation of the occurring vibrational relaxations. Panel (a): Schematic illustration of the ro-
vibrational energy structure of the pentad polyad of methane. Panel (b): simulated spectra under LTE 800 K (red)
and hypersonic jet (blue) conditions emphasizing the magnified P, — 2v, transitions in the hypersonic jet
expansion (where P, denotes the triacontad), the symmetry species F2, E, Al concern the lower vibrational levels.
Panel (c): simulated comparison of the rotational and vibrational population probabilities between LTE 800 K
(red) and hypersonic jet (blue) conditions.
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4. Experimental spectrum versus ab initio predictions among highly excited polyads Pg <—
Pz and P7 <«— P3

Once the different temperatures were determined, the experimental spectrum was
carefully compared to a simulation carried out using the data available in the TheoReTS
database. Our objective was to test the robustness of the ab initio model used in TheroReTS
at high temperature, with particular attention paid to hot band transitions. A previous
experimental investigation [44] confirmed that the calculated line positions of transitions
starting from the pentad and the octad and ending in energy levels up to 9000 cm™ have an
uncertainty of + 1 cm™ at the most, while the calculated ab initio line intensities are accurate
to within a few percent [24]. This meant that once the vibrational temperatures were correctly
determined, the simulated pattern of the spectrum would match the experimental spectrum
in intensity, if not in wavenumber. In this way, pairs of experimental and simulated absorption
lines with matching intensities could be identified within the given wavenumber uncertainty
interval of +1 cm™ (see Fig. 6). Pending a more systematic investigation, this protocol was
applied to a series of few spectral regions. A set of 22 new hot band transitions is listed in
Table 3 and tentatively assigned. The pairing process is illustrated in Fig. 6 where the pink line
corresponds to the simulated non-LTE spectrum. The red, blue and green sticks mark the
transitions starting from the 2v,(A1), 2v,(F2), and 3v,(F2) states, respectively. Due to the
effective intra-polyad relaxation and ineffective inter-polyad relaxation, even transitions
starting from the lowest energy vibrational state of the octad were detectable and could be
correctly simulated with a vibrational temperature of T3f54(F2) = 1195(80) K.
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Fig. 6. lllustration of the hot band line assighment protocol based on uncertainty windows of +1 cm™ around
presumptive line candidates. Panel (a): hot band lines stating from the pentad polyad and connecting to the
triacontad (Pg), either from the 2v,(A1) (marked by a red stick in the simulation) or the 2v,(F2) (marked by a
blue stick in the simulation) vibrational level. Panel (b): hot band line stating from the octad polyad from the
3v,(F2) vibrational level and connecting to the tetracontad (P;). The lower vibrational levels have F2 or Al
symmetry.

Based on the determined temperature values, the corresponding rotational and non-LTE
vibrational functions could be delivered by the NLTE_TIPS CH4 2021 code provided by
Gamache et al.[51,60]. Knowledge of the partition functions of methane in the isentropic core
and shear-layers made it possible to retrieve the molecular density in each of these flow
regions. Thus, it appears that the main contribution to the recorded spectra came from the
isentropic core with a molecular density of n;. = 4.95x10** molec.cm, confirming the good
sensitivity of the SMAUG apparatus as well as showing its power in the characterization of
hypersonic flows. The shear-layers had a lower average density of ng; = 0.89x10*3 molec.cm,
which lead to the non-negligible hot gas contribution to the absorption spectrum.
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Table 3. Newly assigned hot band transitions starting from the pentad and the octad polyads. v(obs), v(calc) are the observed and calculated (TheoReTS) wavenumbers of the ro-vibrational transitions, respectively;
v(obs-calc) is the difference between observed and calculated line positions; S: Line intensity retrieved from the simulated spectrum according to Eq. (9). Subscripts “low” and “up” refer to the lower and upper
energy levels, respectively. E: ro-vibrational energy level; J: quantum number for total rotational angular momentum; C: ro-vibrational symmetry (product of the rotational and vibrational symmetries); n: ranking
number for a given (J,C,P) block; P: Polyad number defined as P=2vi+v,+2vs+vs; A: Einstein coefficient of the transition; vib: vibrational quantum numbers and vibrational symmetry.

v (obs) v (calc) v (obs- S (calc) Elow Jup | Cap | Nup | Pup | Jlow | Ciow | Niow | Piow Eup A vibyp vibiow
calc)
cm? cm? cm? cm.molec? cm? cm? st
5944.5371 5944.4737 0.0635 7.42E-28 2618 1 F1 133 6 2 F2 1 2 8562 0.436 0 0 2 2 |F2 |0 0 0 2 | Al
5944.6768 5944.8985 -0.2216 3.81E-28 2618 1 E 85 6 2 E 1 2 8563 0.335 0 0 2 2 |F2 |0 0 0 2 | Al
5961.3179 5961.4245 -0.1066 1.36E-27 2620 1 | A2 49 6 2 Al 1 2 8581 0.486 0 0 2 2 |F2 |0 0 0 2 | F2
5965.0586 5964.6783 0.3803 2.48E-27 2649 3 Al 92 6 3 A2 1 2 8613 0.437 0 0 2 2 |F2 |0 0 0 2 | Al
5965.2863 5965.2041 0.0822 8.42E-28 2618 2 E 142 6 2 E 1 2 8583 0.448 0 0 2 2 |F2 |0 0 0 2 | Al
5965.3234 5965.3579 -0.0346 1.31E-27 2618 2 F1 206 6 2 F2 1 2 8583 0.464 0 0 2 2 |F2 |0 0 0 2 | Al
5965.7126 5965.6481 0.0645 7.09E-28 2597 1 F2 123 6 1 F1 1 2 8563 0.379 0 0 2 2 |F2 |0 0 0 2 | Al
5970.3077 5970.4199 -0.1122 2.28E-27 2620 2 A2 67 6 2 Al 1 2 8590 0.492 0 0 2 2 E 0 0 0 2 | F2
5985.8290 5985.8834 -0.0544 1.10E-27 2597 2 F2 | 217 6 1 F1 1 2 8583 0.355 0 0 2 2 |F2 |0 0 0 2 | Al
5996.6331 5996.6521 -0.0190 9.51E-28 2618 3 E 197 6 2 E 1 2 8615 0.365 0 0 2 2 |F2 |0 0 0 2 | Al
5996.6715 5996.9236 -0.2521 1.40E-27 2618 3 F1 302 6 2 F2 1 2 8615 0.358 0 0 2 2 |F2 | 0 0 0 2 | Al
6008.5537 6008.9804 -0.4267 2.56E-27 2649 4 | A1 | 134 6 3 A2 1 2 8658 0.357 0 0 2 2 |F2 |0 0 0 2 | Al
6021.1464 6021.1545 -0.0080 2.74E-28 2587 1 A2 52 6 0 Al 1 2 8608 0.085 0 2 1 2 |F2 |0 0 0 2 | Al
6194.2019 6194.2016 0.0003 3.00E-30 2597 1 F2 182 6 1 F1 1 2 8792 0.0015 0 1 2 1 |F2]0 0 0 2 | Al
6195.2306 6195.2281 0.0025 6.00E-30 2587 1 A2 69 6 0 Al 1 2 8782 0.0021 1 3 0 1 |F21]0 0 0 2 | Al
6205.5748 6205.5738 0.0010 8.00E-30 2587 1 | A2 70 6 0 Al 1 2 8793 0.0026 0 1 2 1 |F2]0 0 0 2 | Al
6211.6026 6211.6052 -0.0026 9.00E-30 2597 2 F2 321 6 1 F1l 1 2 8809 0.0031 0 1 2 1 |F2]0 0 0 2 | Al
6215.8802 6215.8794 0.0008 4.70E-30 2649 3 F1 | 460 6 2 F2 3 2 8865 0.0015 0 1 2 1 E 0 0 0 2 | F2
5909.9222 5910.5396 -0.6174 2.61E-30 3928 2 A2 93 7 3 Al 1 3 9839 0.319 0 0 2 3 E 0 0 0 3 | F2
5937.8722 5938.3309 -0.4587 3.23E-32 4048 4 F1 | 648 7 4 F2 10 3 9987 0.0066 0 0 2 3 |F2|0 0 0 3 |F1
5946.1482 5946.6810 -0.5328 2.28E-30 3872 1 Al 55 7 1 A2 1 3 9818 0.356 0 0 2 3 |F1|O 0 0 3 | F2
5960.4952 5961.7383 -1.2431 3.39E-30 3872 2 | Al | 105 7 1 A2 1 3 9833 0.320 0 0 2 3 |F2|0 0 0 3 | F2
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5. Conclusion and perspectives

Through the analysis of the recorded CH4 non-LTE spectrum, the rotational, intra-polyad

and inter-polyad relaxations have been characterized quantitatively. The rotation is well
relaxed according to a Boltzmann distribution with a temperature of 39 K. The extracted
vibrational temperatures reflect an efficient intra-polyad relaxation that depopulates the high
vibrational levels within the polyads, whereas the relaxation between polyads is considerably
weaker, which leads to an accumulation of the vibrational population on the first state of each
polyad (namely v,(A1), 2v, (A1), 3v,(F2), etc.). At the same time, it is clearly demonstrated
that the population of the symmetrically degenerated vibrational levels (e.g. 2v,(A1) and
2v,(F2) for the pentad) should be described with different vibrational temperatures in non-
LTE conditions. They must therefore be distinguished as if they were completely independent
vibrational levels.
The SMAUG setup can produce vibrationally hot and rotationally cold high-resolution infrared
spectra of methane. The obtained vibrational temperatures, some above the reservoir
temperature, underline the vital features of the experimental setup. Namely, that significant
rotational and intra-polyad relaxation ensure the detection of lines corresponding to
transitions issuing from pentad and octad by boosting the population in the base vibrations of
these polyads. At the same time, these relaxations eliminate a tremendous number of spectral
lines from the investigated spectrum and permit the precise analysis of those remaining. A
planar Laval nozzle is currently being designed for SMAUG to increase the absorption path
length through the cold isentropic core and maximize the cold gas contribution. Future work
will consist of systematically assigning the remaining lines recorded in the non-LTE spectrum
which most likely belong to hot band transitions starting from vibrational energy levels of the
dyad, pentad and octad polyads. This will allow the further refinement of the TheoReTS line
list for the simulation of methane spectra at high temperatures relevant to hot Jupiters, in
both LTE and non-LTE conditions. As recently pointed out by Wright et al. [18], non-LTE
conditions can occur in the upper atmosphere of hot Jupiters. The case of HD 189733b, an
exoplanet that contains methane, is particularly interesting. The very large temperature
differential between its day and night sides appears to cause very fast jet streams at high
altitudes [66]. Extremely fast vertical winds have also been modelled in the atmosphere of this
exoplanet [67,68]. It is tempting to make a link with our hypersonic laboratory experiment as
the temperature drop following the acceleration of these atmospheric layers could be
accompanied by a non-LTE state due to the partial relaxation of the vibrational degrees of
freedom of methane.
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