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Abstract

AI-3000K is a semi-empirical IR line list constructed for hot CO; spectra analysis and simulation
up to 3000 — 4000 K. Compared to previously published Ames-1000K and UCL-4000, it represents a
major upgrade, utilizing a new algorithm for optimization and including the latest improvements in
potential energy surface (PES), dipole moment surface (DMS), and room temperature IR line list (Ames-
2021 296K). To maximize the success of introducing experimental based accurate line positions, a new
PES (X01d) was refined with respect to more than 800 selected CDSD2019 [Tashkun et al. JQSRT (2019)
228, 124] energy levels in the range of 0 — 24,000 cm™!, with Gms = 0.5 — 0.7 cm™’. Most differences
between the X01d PES based levels and CDSD2019 energies are within £2 cm™. A new DMS is fitted
from extrapolated CCSD(T)/aug-cc-pV(T,Q,5)Z dipole calculations, with Gms = 5.1 x 10 au for 11155
geometries up to 40000 cm™!, denoted Ames-2021-40K. Compared to the best available Ames-2021 DMS
and room temperature IR line list [Huang et al J. Phys. Chem. A (2022) 126, 5940], the relative intensity
differences are expected to be ~1%o. The line position accuracy of "X01d + Ames-2021-40K" IR line list
is significantly improved by adopting CDSD2019 energy levels up to 24000 cm™ (J < 150). The Einstein
A1 coefficients for £'<15000 cm™ transitions are replaced by more accurate values from the Ames-2021
296K IR line list. In short, the AI-3000K is the X01d PES and Ames-2021-40K DMS based line list
enhanced with the 4>1 of Ames-2021 296K line list and CDSD energy levels. It provides continuous
coverage from 0 to 20000 cm™! for the four most abundant isotopologues: >C'°0, (626), 3C'®0, (636),
16012C180 (628), and '%0'2C'70 (627). The impacts of isotopologue and E'/E" cutoffs have been examined.
Intensity convergence (not accuracy) of AI-3000K line list is quantitatively estimated in 1 cm™! bins. It is
better than 99% in the whole range of 0 — 20000 (10000) cm™ at 1000 K (2000 K), or better than 90% in
the whole range of 0 — 15000 (9000) cm™ at 2000 K (3000 K), respectively. Convergence beyond 3000 K
will require a new PES and DMS for E' > 40000 cm™. The AI-3000K and HITEMP based IR simulations
are compared to high resolution shock tube experiments for CO2-Ar mixture up to 2000 K. With line
position accuracy comparable to that of HITEMP, AI-3000K IR line list yields better agreements at more

frequencies. Potential sources of discrepancies with experiment are discussed.



I. Introduction

Carbon Dioxide, CO», is the second most important greenhouse gas (water is primary) on the Earth
[1] and involved in industrial and combustion processes. It also widely exists in Solar system planets [2—
7], moons [8—12], comets [13,14], as well as dwarfs [15,16], and extrasolar planetary atmospheres [17—
22]. CO> remote sensing is critical for Venus/Earth/Mars-like exoplanet studies [3,23]. The line-by-line
spectroscopic analysis for Venus atmospheres can be traced back to 1990°s [24], where CO> constitutes
95% of the Venus atmosphere. CO; is expected to play important roles in directly imaged exoplanets [25],
from lower mass exoplanets [26] to hot large exoplanets where the main constituents of the atmospheres
are likely to be very stable molecules such as H,O, CO, CO2, NH3, etc. Therefore, a reliable hot CO»
opacity database for a wide spectral range and a wide temperature range may serve as a powerful chemical
diagnostic tool for their atmosphere environment and physical conditions, e.g., temperature, pressure, and
density. It will greatly facilitate or enhance the accuracy of opacity modeling in hot exoplanetary studies
and spectral data analysis utilizing the astronomical data from ground, air, or space-based observatories,
including ongoing JWST [27,28] and future ARIEL [29], NGRST [30] and LUVOIR [31]. Examples in
planetary atmosphere studies can be found in Refs. [2,16,18,32-36].

In last 20 years, important progresses have been made on CO> IR line lists for room temperature
analysis [37—46], as well as those lists targeting higher temperature applications [38,43,47-53]. Compared
to the Direct Numerical Diagonalization (DND) approach [54,55] based High-T database [47,48,56]
utilized in 1993 Venus study [24], the current Carbon Dioxide Spectroscopic Databank (CDSD) line list
series [39,45,49,50] utilizes global Effective Hamiltonian [57] models and Effective Dipole Moment
(EDM) [58,59] models fitted from high-resolution experimental data, while the line position and intensity
of Ames [37,38,43,52] and UCL [40—42] IR line lists are variationally computed using semi-empirically
refined ab initio potential energy surface (PES) and high quality ab initio dipole moment surface (DMS).
Recent HITRAN updates [44,46], UCL-4000 [53], and Ames-2021 [60] also have tried to combine the
advantages of experimental data and quantum rovibrational calculations. However, there are still many
deficiencies and missing data in higher energy ranges, or for weaker bands. These inaccuracies may
become significant at high temperature and cause difficulties in IR analysis or generate noticeable
modeling deviations.

In this paper we report a new IR line list for hot CO; studies, denoted AI-3000K. It includes J<250,
E'<40,000 cm™! transitions for '2C'°0,, and J<200, E'<36,000 cm™" transitions for 3C!°0,, 1°0'2C!80, and
16012C'70. Convergence analysis suggests the AI-3000K intensity is more than 90%+ converged in the
whole range from 0 to 16,000 cm™ at 2000 K, or from 0 to 9000 cm™ at 3000 K. It takes advantages of
the accurate CDSD energy levels up to 24,000 cm™' and more reliable line intensities computed for the
strong transitions between energy levels up to 15,000 cm™!, using best available PES [37,43] and DMS
[60]. We expect it will facilitate future hot CO> IR analysis and simulations. The line list name is
abbreviated from 'Ames' for line list calculations and 'TAO' for CDSD energy, respectively.

This paper is organized as following. Section 2 gives a review of the published hot CO> IR line
lists; Section 3 introduces the necessity and details of a CDSD based PES refinement, the DMS choice,
and the generation procedure and storage of the AI-3000K line list; Section 4 presents three types of
convergence analysis for the line list, and Section 5 compares our new results to published line lists and
shock-tube high-resolution experiment near 2000 K; Section 6 summarizes the known progresses and
potential deficiencies, and discusses future upgrades.



I1. Published Hot CO; IR Line Lists
1.1 High-T

Wattson’s High-T list [47,48,56] for CO2 was computed variationally on PES and DMS which
were completely empirical, with all parameters determined by matching to experimental data. In the range
of 500 — 12,500 cm’!, it includes ~60,000 bands and 7.2 million lines that are stronger than 103° cm"
!/molecule.cm™ at 750K. Compared to earlier HITRAN versions (86 and 91°), it represented a remarkable
leap in both wavenumber coverage and vibrational band completeness. It had excellent interpolation
consistency and reasonable intensity for bands with strong or medium intensities from room temperature
to 750K. Uncertainty estimate was 10-20% for intensity and 0.01~0.1 cm™' for line positions.

Such quality and improvement were due to the availability of extensive experimental data.
However since the parameters are empirical, this also sets a ceiling for its extrapolation or prediction
reliability. For example, then-existing experimental data did not contain sufficient information to
determine some higher-order dipole terms that may play important roles for the intensity of certain weak
bands and high energy bands. Consequently, the intensity in several trough regions below 5000 cm™! was
overestimated by 1~2 orders of magnitude, from 102* cm™'/molecule.cm™ at 1500K to 1022 cm
!/molecule.cm™ at 3000K. See examples in Fig.6 of Ref. [52] and Fig.16a of Ref. [43].

I1.2 CDSD-1000, 4000, and HITEMP2010

The CDSD-1000 databank [49] contains the line parameters (positions, intensities, air- and self-
broadened half-widths and coefficients of temperature dependence of air-broadened half-widths) of the
four most abundant isotopic species. The reference temperature is 1000 K and the intensity cutoff is 10’
cm!/molecule.cm 2. The databank has been generated within the framework of the method of effective
operators and based on the global fitting of spectroscopic parameters (parameters of the effective
Hamiltonians and effective dipole moment operators) to observed data collected from the literature. A
semi-empirical model was used for calculations of line widths. The databank has more than 3 million
entries covering the 263-9648 cm™' spectral range.

The CDSD-4000 databank [50] is based on the same principles as CDSD-1000. The reference
temperature is 296K and the intensity cutoffis 10’ cm™!/molecule.cm 2 at 4000K. The databank has more
than 628 million entries, covers the 226-8310 cm™! spectral range and was designed for the temperature
range 2500-5000K. The maximum value of the rotational quantum number J is 300 and the energy cutoff
values is 44,000 cm™. The energy cutoff is a great strength of CDSD-4000.

The '2C'%0; data in the HITEMP2010 databank [51] was taken from enlarged version of CDSD-
1000 (S1000x > 10727 cm™'/molecule.cm™), CDSD-Venus (S7s0x > 107° cm™'/molecule.cm™), and CDSD-
296 (S206k > 107 cm™'/molecule.cm™). It included more than 11 million lines of the 7 most abundant CO»

isotopologues in the range of 6 — 12784 cm™!, with Smin = 3.5%107°! and Smax = 3.5x107!8 cm™/molecule.cm™
2 at 296K.

As the effective Hamiltonian models in CDSD and HITEMP2010 [51] line lists were mostly
experiment based, their line positions can be as accurate as 10°~10 cm™ in the range of experimental
measurements. Similar to High-T, the CDSD models also have been expanded and enhanced with new
high-resolution experiments, but it is still difficult to extrapolate to very weak bands or minor
isotopologues.



I1.3 Ames-1000K (2013/2014)

The Ames-1000K [38,52] line lists were computed for all '¥'3C and '*'7'80 isotopologues, with
J=0-150, Sa96k > 107¢ cm!/molecule.cm™, E' < 33,000 cm™ for symmetric isotopologues (626, 636,
727,737, 828, 838 and 646), E'<22,000 cm™ for asymmetric isotopologues (627,628, 637, 638, 727 and
738), and E'< 24,000 cm™! for line list generations. This was the first line list to provide continuous and
complete coverage from 0 to 20,000 cm™. Line shape parameters were computed for 4 temperature ranges,
i.e., Mars, Earth, Venus and 700K-2000K. At 1000K, the E' < 24,000 cm™' cutoff was adequate for the
spectra range up to 18,000 cm™. At 1550K and 1773K, experimental spectra [61,62] had similar
agreements with Ames-1000K and HITEMP2010 at 3500 cm™ and 4900 cm™!, but Ames-1000K had better
agreement at 2100 cm™. Note the issue in HITEMP2010 has been solved in recent CDSD models.

For Ames-1000K and later Ames-2016 line lists, the rovibrational energy levels were variationally
computed on Ames-1 [37] or Ames-2 [43] PES, and IR transition dipole moments were computed using
the DMS-N2 [52] dipole surface. The Ames-1 PES was empirically refined using a few hundreds of purely
experimental energy levels of '2C!%0,, with Gims = 0.02 cm™ for both the reference energy level set and a
full experimental data set of 6873 J=0-117 levels up to 14,000 cm™' [37]. A stretching basis related defect
in Ames-1 PES was later fixed in Ames-2 PES [43]. Prediction accuracy primarily varies between 0.01
cm™ to 0.05 cm! (e.g., below 10,000 cm™), but may also reach 0.10 ~ 0.20 cm™ or larger for those states
at higher energy or with higher vibrational quanta. The DMS-N2 dipole surface was determined by fitting
the finite-field CCSD(T)/aug-cc-pVQZ dipole components to polynomial expansions of pseudo charges
on two O nucleus, with fitting 6ims < 10°° a.u. in the energy range of 0 — 30,000 cm™'. For strong bands of
isotopologues, the differences between the Ames 296K IR intensity predictions and recent experiments
were found to be usually within £5% [63]. Exceptions are those bands or transitions strongly impacted
by Coriolis Couplings, e.g., 11101i-00001 bands at 1900 cm™' [46]. An intensity gap of ~0.6% was found
between the P and R branches of symmetric isotopologues, which has been fixed in recent Ames-2021
line list calculations [60] and this work.

In Ames-1000K, all lines stronger than 10’ cm™/molecule.cm™ or 1/1000 of the intensity sum
Siotat in each 1 cm™ interval were first retained. Then the intensity cutoff was gradually reduced to
incorporate weaker lines until the new intensity sum has reached at least 99.9% of Siota. This "99.9% in 1
cm!" screening successfully reduced the size of original Ames-1000K IR line lists by 90-95%. At the end,
650 million lines were compactly stored in 13 compressed .tgz files, occupying 18.7 GB disk space. This
equals to ~16.2 bytes per line, which included upper and lower states, Einstein Az, and line shape
parameters at 4 temperatures. A “natural” Ames-1000K IR line list was generated from these “reduced"”
lists with terrestrial abundances of CO; isotopologues. The mixed list had 45 million lines.

11.4 Ames-4000K (2016) and UCL-4000 (2020)

Huang et al (2017) [43] reported a preliminary Ames-4000K list of '2C'°0, with J<220, £'<24,000
cm!, and Sa000x>107" cm™!/molecule.cm™, using the Ames-2 PES and DMS-N2. After comparing it to
several '*C'0, subsets of CDSD-4000 line list [50] with different J and E' cutoffs, it was concluded that
the £'<24,000 cm™! cutoff was the major cause of the noticeable intensity losses at 4000 K. To ensure
99.0-99.9% intensity convergence in a 1 cm™ window, it is also recommended to include all lines at least
5-6 orders of magnitude weaker than the intensity sum.



Yurchenko et al (2020) [53] reported UCL-4000 IR line list for >C'O5 in the range of 0 — 20,000
cm’!, using J<202, £'<36,000 cm™!, and £"<16,000 cm™! cutoffs. It included 2.5 billion lines with Einstein
coefficient 421 > 1074 s!. The UCL 2015 DMS [40,64] and Ames potential energy surface were adopted
in their calculations. Compared to the preliminary Ames-4000K list, the E£'<36,000 cm™ is a big
improvement. It was expected to be valid for temperatures up to 2500 K. To improve the line position
accuracy, all calculated rovibrational levels in a specific vibrational state were adjusted by the calc.-
HITRAN difference averaged from J=0-40 residuals of the same state, or further replaced by HITRAN
energies if available. Partition functions, rovibrational Obs.-Calc. errors, energy uncertainty, quantum
number assignments, and 500-4000 K spectra evolutions were compared and discussed in Yurchenko et
al [53]. A comparison with experiment [62] was also given at 1773 K.

Storage of UCL-4000 list followed ExoMol [65] style. It includes a list of numbered rovibrational
energy levels, and a line list file containing upper and lower state #id numbers and 42 coefficients. The
line list file was split into 20 subsets of 1000 cm™ intervals. Note the data storage of Ames line lists has
similar idea, but our line list files contain more information about transitions. See Section III.6 for details.

I1.5 Summary

These published hot CO; IR line lists have taken advantages of accurate experimental data,
empirically derived (or refined) PES, high quality DMS, effective Hamiltonian models, and theoretical
rovibrational calculations. They were generated from either “Experiment Data based” strategy, or “Best
Theory + Reliable High-resolution Experiment” (BTRHE) strategy. The Ames and UCL CO2 line lists
follow the second path, where high quality ab initio PES and DMS can provide quality insurance and
constraints for unobserved spectra bands and minor isotopologues that have not been thoroughly studied.
The main strength of this path is the completeness, reliability and consistency of the computed IR line list
predictions for missing, weak or isotopologue bands, as long as they are still within the effective coverage
of the PES and DMS. The major deficit is the line position accuracy, which is only as accurate as Gms =
0.01-0.02 cm™! even for those bands satisfactorily refined with high resolution experimental data.

II1. Technical Details: New PES, DMS, Procedure, Storage, etc.

II1.1 Necessity for new PES refinement

To minimize the impact of the deficit discussed above for line position accuracy, a general trend
in molecular IR line list field has been to combine the advantages of experiment and theoretical efforts. In
other words, to combine the experiment-based accurate line positions and confirmed reliable intensities,
with the reliable and consistent predictions for line positions and intensities. Both HITRAN2016 CO» list
[41,42,44] and UCL-4000 [53] were good examples, where CDSD-296 [39,45] and HITRAN [44] line
positions were adopted along with UCL intensities, respectively. But compared to room temperature line
lists, the most challenging part at higher temperatures is to maintain a good quality control for thousands
of weak bands and high lying vibrational bands, and identify and remove various numerical noises in the
computed line intensities which may become significant at 1500 — 4000 K. The rovibrational energy
levels in CDSD-296 [45] and HITRAN2020 [66] are for room temperature line lists, but higher
temperature simply requires millions of additional levels at higher energy and higher J's. Therefore, for
hot CO: line list, it is critical to expand the synergy between experiment based CDSD Effective



Hamiltonian models and semi-empirically refined ab initio results. Technically, we need to maximize the
success rate of energy level matches between the Ames-2 PES based predictions and CDSD models.

Before 2020, we have tried several approaches at Ames but all had failed to give satisfactory
energy level matches for '2C'%0, beyond 20,000 cm™. The last trial took three months to match the
12C1%0, J = 0 — 74 levels up to 19,000 — 19,500 cm’!, still far from adequate for high temperature. For
each vibrational state, first 5 levels of the e or f component were manually identified. In each cycle, the
changes of local B-D-H constants at Ej4, Es.2, and E; were utilized to predict Ex2. The procedure was
tedious and slow, involving hundreds of manual checks on the vibrational state coupling and crossings.
After this practice, we concluded it is unfeasible to do the physically meaningful band-to-band matches
for Ames-2 vs CDSD in the wavenumber range above 22000-24000 cm™'. Machine learning might offer
limited help at higher J's and energies below 22000 cm!, but that still seems unlikely for the whole picture
at 3000 K. The main reason is that the vibrational state couplings are intrinsically different between Ames-
2 and CDSD, and the differences grow very fast at higher energies. For example, many couplings
computed from the semi-empirically refined Ames-2 PES do not exist in the CDSD effective Hamiltonian
models, due to the lack of experimental data. The accuracy of Ames-2 PES at high energies would
gradually degrades to original CCSD(T)/cc-pVQZ level [37]. With higher density of states, this will also
lead to larger discrepancies between the two sets of energy levels, which make them more difficult to
match. Please note that some polyad band labels in CDSD are also impacted by the intricate inter and
intra polyad couplings, so not fully consistent. In short, level by level (manual or AI) matches are a dead
end for 3000 — 4000 K applications. A new direction is needed.

In this work, we choose to reduce the overall difference between the CDSD and Ames predictions
at high energies, by adjusting the Ames PES with respect to selected CDSD energy levels. The new Ames
PES based energy levels are expected to have a higher success rate in the simplest 1-to-1 matches or
replacement with CDSD levels. Spectroscopically, it is equivalent to reduce the related IR peak shifts
from Ames line lists to CDSD line lists, but this systematic improvement has no guarantee for any specific
bands or regions. The newly refined PES is denoted X01d, which has been used in the AI-3000K line list
calculations reported in this work. See more details in next section.

On the other hand, the X01d PES refinement focused more on the higher energy region, which has
partially sacrificed the accuracy at lower energy region. For example, the J=0 band origins in the range of
0 — 13000 cm™ now have oms = 0.12 cm’!, vs. oms = 0.01 cm™ on Ames-2 PES. Such one order of
magnitude larger deviations may also hurt the accuracy of computed intensities. To maintain the accuracy
in the lower wavenumber region, the Einstein A2 coefficients of Ames-2021 296K line lists [60] are
adopted to replace their counterparts in X01ld PES based line lists. The Ames-2021 line lists were
computed using the Ames-2 PES [43] and the best available DMS for CO2, Ames-2021 [60].

Next we introduce the CDSD2019 levels used in the X01d PES refinement, then the refinement,
and the procedure of the AI-3000K construction. The full intensity calculations involve two PES and two
DMS. The data size reduction and efficient storage are improved upon the Ames-1000K style in 2014.

II1.2 CDSD 2019 Rovibrational Energy Levels

The CDSD 2019 [45] is an updated version of the CDSD-296 [39] databank. The databank
contains the calculated line parameters (positions, intensities, air- and self-broadened half-widths and their
coefficients of temperature dependence, as well as air- and self- pressure-induced shifts) of the twelve
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stable isotopic species of CO,. The reference temperature is 296 K, and the intensity cutoffis 107° cm™!

/(molecule cm™). The data bank includes more than half a million lines covering the spectral range 345—
14076 cm™.

Parameters of the effective Hamiltonian model [67] were fitted to the observed line positions taken
from the literature. The sources of experimental line positions for all isotopic species are listed in Tashkun
et al. [39,45]. The fitted parameters were used to calculate the CDSD2019 transition wavenumbers. They
were also used to replace the energy levels computed using the X01d PES refinement (the base of Al-
3000K list) under the following constraints: Jmax < 150 and Emax = 24,000 cm™'. The highest polyad P =
2vi+v2+3vs involved in the calculations was 40. Each energy level was labeled with quantum numbers
Vi, V2, b, v3, 1, J", ¢, as those adopted in HITRAN.

II1.3. X01d PES refinement

More details of CO»> PES refinements were reported in Refs. [37,43] In this work, 22 coefficients
of 0-4™ order short-range expansion terms in Ames-2 PES potential formula were refined with respect to
selected CDSD levels. Starting from J=0 band origins up to 18000 cm™!, higher J and higher energy levels
were added step by step. The experimental data based CDSD levels are highly accurate and intrinsically
consistent, but not all the extrapolated levels in CDSD share same consistency. It is unrealistic to expect
a CDSD based refinement carrying a orms similar to that of Ames-2 refinement. The final refinement of
X01d PES had orms = 0.53 cm™! (weighted), or 0.71 cm™ (unweighted) for 821 CDSD levels selected at
J=0,1,2,10, 25, 40, 55, 70, 85, 100, 115, 130, and 145, up to 24,000 cm™'. In the simplest 1-to-1 match, a
majority of the energy levels computed on the X01d PES refinement agree with the CDSD energies to
within £2 cm™. This can be taken as the upper limit of the compatibility or consistency between current
Ames and CDSD extrapolations at high energies, i.e., 1-2 cm™!, based on CDSD oriented refinements.
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Figure 1. Compared to Ames-2 PES, the 8=Eames — Ecpsp energy differences are reduced. (a) /=20; (b) J=100.

Fig.1 shows a snapshot (not X01d) during the stepwise refinements. In panel @), the maximum
Eames-2 -Ecpsp energy differences were reduced by more than 50% for J=20 levels at 18,000 cm™. In panel
b), the differences at /=100 are also reduced, but not as significant as that at J=20.



Fig.2 reports the energy differences computed on the final X01d PES at J=0,1,2 and J=20,100.
Compared to the intermediate snapshot in Fig.1b, more & £ differences at /=100 (blue dots) are restricted
to the range of £2 cm™!. The differences of J=20 levels are much smaller than those in Fig.1a on Ames-2
PES. But they rise more quickly in the range of 21,000 — 24,000 cm!, indicating there still exist systematic
differences between X01d PES and CDSD models. We tried, but failed to further reduce them. Therefore,
the CDSD reference energy level set for the refinement was limited to 24,000 cm™, not extended beyond
24,000 cm™!. It is not clear if including higher order terms in refinement may help.
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Figure 2. 6E = Exo1a — Ecpsp energy differences at selected J's. (a) J=0,1, and 2; (b) J=20 and 100.

The list of reference energy levels, input and output files of the X01d refinement, the X01d PES
subroutine and coefficient files are reported as supporting information.

I11.4. New DMS fit up to 40,000 cm™!

In 2022, Ames-2021 DMS was reported as a major improvement for high accuracy CO2 IR
intensity calculation at 296K [60]. It was selected from Ames DMS fit series computed at the CCSD(T)
level with aug-cc-pV(T,Q,5)Z bases and extrapolated to one-particle complete basis set limit. A 2™ diffuse
function was added on O atoms to better describe the polarization orbitals due to external field, denoted
'davtq5z0'. The fitting Grms was 8.5x107 a.u. in the range of 0 — 30000 cm™, or 3.8x107 a.u. in the range
of 0 — 15000 cm™'. Using the Ames-2021 DMS and Ames-2 PES, the Ames-2021 296K IR line intensity
computation has reached 1-4 permille level for both accuracy and uncertainty, when compared to NIST
[68,69] and DLR [70] experiments on the 20017 and 30017 bands. Details of the Ames-2021 DMS can be
found in Ref. [60]. But IR intensity calculation at 3000 K and above will involve calculations up to 36,000
cm’!, or even higher.

Following the style of Ames-2021 DMS, extrapolated CCSD(T)/aug-cc-pV(T,Q,5)Z (denoted
'avtq5z') dipoles of 11155 geometries up to 40,000 cm™ are fit to pseudo point charges on the O atoms
with a 16™-order polynomial. Fitting Gms error is 5.1x10° a.u. for 22035 non-zero dipole components.
Maximum deviation is 8.7 x107 a.u., and averaged absolute deviation is 2.5x10 a.u. This is the dipole
surface adopted in the major calculations of AI-3000K line list, denoted Ames-2021-40K. Fig.3a reports
the number of dipole components and fitting orms along rising energies. The number of non-zero dipole

components is stable in the whole range of 0 — 40000 cm™, i.e., 450~650 in every 1000 cm™!. Below



30,000 cm™!, the fitting Gims error of Ames-2021-40K is 2-4 times as large as those of the Ames-2021
DMS, which was selected for 296 K IR intensity accuracy toward 0.1% level. Larger fitting 6rms could
lead to relatively larger uncertainty in intensity computations using the DMS. Therefore, it is a reasonable
choice to upgrade the computed Einstein 421 of moderate to strong transitions to more reliable values
reported in the Ames-2021 296K IR line lists, which were computed using the Ames-2 PES and Ames-
2021 DMS, i.e., the best PES and DMS available for CO; rovibrational IR studies.
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Figure 3. (a) number of dipole components and fitting rms (in a.u.) at every 1000 cm™'; (b) difference between
davtq5zO and avtq5z dipole fits are shown by red dots, relative differences with respect to davtq5zO dipoles are black
open squares. Note the absolute and relative differences share the y axis, but have different units.

The choice of 'avtqSz' dipole fit for Ames-2021-40K DMS, instead of the 'davtq5zO' dipole fit, is
based on following observations, and intended for tests. In Fig.3 and Fig.6 of Huang et al [60], the
"avtq5z40KF" (aka. 'avtq5z' in this work) based intensities are only 0.7-1.2%o less than the
"davtq5zO30KF" (aka. 'davtq5z0O' in Ames-2021 DMS) based intensities for CO2 20017 and 3001i bands.
They are essentially fully equivalent. We believe the 'davtq5zO' dipole fits are probably more reliable,
while their differences at low energies are rather small, at least for strong bands. The dipole component
difference 8 = Udavigsz0 - Mavigsz are plotted in Fig.3b as red dots, with mean £ Gms = -5.6x107 £ 1.4x10*
a.u.. The relative differences, d/[ldavtgsz0, are plotted as black open circles, with mean + Gms = -0.3%0 *
1.1%o. This suggests the associated intensity differences should be also around 1%o, averaged for most
bands up to 40000 cm™'. Please note the absolute and relative differences share the y axis, but have
different units. Currently, experiment and theory are still working towards 1 permille (or 1%o) accuracy
and uncertainty at 296 K for strong bands below 10,000 cm™. According to our knowledge, no
experimental intensity data previously reported at high temperature carry accuracy and uncertainty good
enough to provide an accuracy check at permille level. Therefore, the 'avtq5z' and 'davtq5zO' based dipole
fits can be treated equivalent for our intensity calculations in the range of 15,000 — 40,000 cm™'.

As pointed out in Huang et al. [60], the best theoretical intensity calculation needs both the best
PES and the best DMS. Future CO, DMS should focus on reducing the fitting errors beyond 30,000 cm™'.
One potential improvement on AI-3000K line list is to recompute the transition intensities up to 30,000
cm’! using the X01d PES and the Ames-2021 DMS. But the intensity accuracy loss caused by less accurate
DMS fits is still difficult to estimate, partially due to the lack of high quality experiment intensity data.
On the other hand, we do not plan to repeat the calculation using the Ames-2 PES and the Ames-2021-
40K DMS, because it defies the original purpose of X01d PES refinement.

II1.5 Procedure of AI-3000K construction.
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The AI-3000K line list includes the four most abundant isotopologues: 626, 636, 628, and 627.
Their individual line lists were computed up to 36000 cm™! or 40000 cm™!, and each will easily occupy
dozens of terabytes on disc. To generate a line list suitable for IR simulations in a wide range of
temperatures, the contribution and importance of every transition needs to be estimated at five
temperatures: 296K, 1000K, 2000K, 3000K, and 4000K, so that the weakest and negligible lines can be
excluded. After the J=0-250 (626) or J=0-200 (636, 628, and 627) rovibrational calculations for
wavefunction and transition dipole moment using the X01d PES + Ames-2021-40K DMS, our step 1 is
to compute the sum of intensities St in every 0.01 cm™ interval using all transitions with intensities
stronger than 10° cm™!/molecule.cm™ at 296K, or 10 cm™'/molecule.cm™ at the other 4 temperatures,
assuming 100% abundance for each isotopologue. In step 2, five intensity cutoffs are determined
separately for each 0.01 cm™ interval to ensure the intensity sum of transitions stronger than the cutoffs
has reached 99.99% of Stota1 at 296 K and 1000 K, or 99.95% at 2000 K, or 99.9% at 3000 K and 4000 K.
For each transition, five unit integers are used to indicate its importance at five temperatures, e.g., "00111"
means this transition can be ignored at 296K and 1000K (the two '0'), but should be included in 2000 K,
3000 K, and 4000 K lists (three 'l"). A line is selected for AI-3000K if any of the five integers equal to 1.
Note all lines with 296 K intensity stronger than 10™* cm!/molecule.cm? are also selected. All the
selected lines are written out in step 2.

A critical procedure of quality control runs along with step 2, before the generation of the final
line lists for individual isotopologues. That is to identify and remove the numerical intensity noises and
bad wavefunctions generated during the rovibrational variational calculations up to 40000 cm™' (for 626)
or 36000 cm™ (for 636, 628 and 627). The simulated IR spectra from simple Gaussian convolution with
o =1cm' and 0.1 cm™ are scanned carefully to identify suspicious peaks or fake intensity lines in the
computed line lists. The rovibrational energy levels associated with those unreliable transitions are also
marked as "unreliable", which are usually at high energies. Re-run step 1 by excluding any lines involving
those "unreliable" levels, and re-run step 2 again to generate a new line list. This accomplishes one cycle
of "purification". Then the cycle is repeated on the new, filtered line list, because there may be additional
bad lines appearing after stronger noises have been removed. It usually took 2 — 4 cycles to reach a
satisfactory result. However, it should be noted that this purification procedure had only very small
intensity reduction around 20,000 cm™ at 3000 K. No other differences were found at lower temperature
or lower wavenumber range, i.e., essentially zero impact for convoluted IR spectra below 18,000 cm™'.
Most bad lines were found above 24000 cm™, e.g., 30,000 — 36,000 cm™'. This supports the stability of
AI-3000K intensity calculations and indicates the wavefunction defects are mostly localized.

After all the "unreliable" levels and transitions have been excluded, step 3 re-runs the line list
generation in the range of 0 — 20,000 cm!, with the finalized intensity cutoffs taken as "exact" for the 0.01
cm! intervals. For example, if a cutoff for 3000 K was 107*¢ cm™!//molecule.cm™, those transitions carrying
intensities between 10%° and 10°° cm™'/molecule.cm™ will be excluded from that 0.01 cm™ interval.
Effectively, this will slightly reduce the Siotal, but the reductions are < 0.01% at 1000 K, < 0.05% at 2000
K, and < 0.1% at 3000 K and 4000 K. It will not impact the quality of line lists. Now the generated IR
line list is ready to mix with the IR line lists of other minor isotopologues.

To investigate the convergence and reliability of AI-3000 K, two IR line lists have been computed
for the main isotopologue, '>C'°O,, one with £ up to 36000 cm™!, and the other with E' up to 40,000 cm”
!. The E' cutoffs lead to different Siotal, S0 it also has an influence on the intensity cutoffs. Lower value of
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the two intensity cutoffs was adopted to ensure 99.9-99.99% intensity conservation for both line lists. In
most (but not all) cases, the intensity cutoff for the 40,000 cm™ list is lower than that of the 36,000 cm’!
list. See next sections for detailed comparisons between the two lists.

Step 4 is to combine the 4 isotopologue line lists into a half "natural" CO; list with terrestrial
abundances. In each 0.01 cm™ interval, the thresholds adopted for the conservation of new Siotal are 99.99%
at 296 K and 1000 K, 99.95% at 2000 K, 99.9% at 3000 K, and 99% at 4000K. Compared to the thresholds
in step 2 and step 3, the reduction at 4000 K from 99.9% to 99% is based on our analysis showing that
convergence is probably insufficient at 4000 K. We estimate the uncertainty at 4000 K is at least 3-5%,
i.e., much larger than 1%. Including more weaker lines cannot help bring back the missing intensities.

I11.6 Data storage, number of lines, and partition function

The combo line list generated from step 4 covers the spectra range from 0 to 20,000 cm™'. In step
5, it is saved into 2000 plain text files, each covering 10 cm™'. Each transition is stored as 24 decimal digits
(0-9): 1 digit for isotopologue index (1-4) and parity of upper and lower levels, 3 digits for upper state J',
2 digits for AJ and importance indicators at five temperatures, 8 digits for Einstein A1 coefficients with
6 significant figures, and 2 x 5 digits for the eigenroot sequence numbers of upper and lower levels in
their JPS symmetry blocks. In this step, the 421 values in Ames-2021 296 K IR line lists [60] are adopted
to replace their counterparts in those transitions with £' < 15,000 cm™, and Sxo6k (100% abundance) > 10
36 cm!/molecule.cm™ (626), or 10* cm!/molecule.cm™ (636, 628, and 627). The plain text files are
compressed into .tgz format for more efficient storage.

Table 1 summarize the number of transitions in the AI-3000K line list from 0 to 20,000 cm™. In
total there are 36 billions of IR transitions, occupying ~400 GB disc space. 75% of the lines belong to the
main isotopologue 626. On average, a transition takes 11 bytes in .tgz file storage. The numbers of lines
at 4000 K are only a fraction to half of those at 3000 K. As mentioned, using higher threshold (e.g. 99.5%)
did not bring them in line with the 3000 K numbers.

Table 1. IR transitions in the AI-3000K line list, including 4 isotopologues.

#lines to include | 2C0, (626) | C'°0, (636) | 'O™2C™0 (628) | ®02C"0 (627)
296 K 8,679,292 4,102,781 9,187,117 5,896,321
1000 K 574,267,343 129,459,222 208,009,376 94,383,807
2000 K 11,581,289,410]  1,259.622,929]  2.252,742.848 717,929,106
3000 K 27,397,362,378] 2,691,372,006]  4,578,190,786]  1,294,391,142
4000 K 16,955,873,906 815,640,117 1,041,707,073 203,707,345

Sum 27,548,493,437|  2,780,854,018] 4.801,316,888]  1,418,062,103
Total 36,548,726,446

To convert the compressed line list files back into full line list, the J=0-250 (or 200) rovibrational
energy level lists are required, plus a separate file containing the zero-point energy and partition function
values of 4 isotopologues. The rovibrational energy level lists include both X01d PES based energies up
to 36,000 cm™! or 40,000 cm™!, and CDSD2019 levels up to 24,000 cm™!. They are listed side by side, so
that users can choose either set of values to use, or even customize the choices for specific spectra range.
According to our tests, CDSD based line positions have significantly improved the agreement with high
resolution IR experiments at high temperatures. See next section for example.
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Partition function values of '>C!°0, are compared in Table 2, and sorted by decreasing order at
4000 K. First we note the differences between X01d (40K) and CDSD-4000 [50] at 3000 K and 4000 K
are as small as 0.0043% and 0.067%, respectively. Across the table, the agreement at 296 K is better than
99.998%. The differences at 1000K are also less than 0.004%. From 1000 K to 2000 K, the relative
differences between Effective Hamiltonian model based extrapolations (HITRAN and TIPS) and semi-
empirical calculations (X01d and UCL-4000, which is Ames-1 PES based) rise up to 0.18%, i.e., an
increase of 4 times. It further rises to 1.25% at 3000 K, then 2-5% at 4000 K. Between UCL-4000 and
this work, the difference is less than 0.3% at 3000 K, near 3% at 4000 K, and 8.6% at 5000 K. The impact
of 36000 cm™ vs 40000 cm™! cutoff is only 0.17% on X01d PES, so the E' cutoff might not be the major
reason behind that 3% discrepancy. As we have checked, the J =230 (not shown) vs J = 250 difference
is only ~0.04%. Currently, the difference between UCL-4000 and this work is tentatively attributed to the
Ames-1 vs X01d PES differences, but it is unclear which high energy levels or regions are primarily
affected. Although it will not impact the comparison and analysis presented in this paper up to 3000 K, a
separate study will be needed to ensure the convergence at higher temperatures. Note the differences
between X01d(40K) and Ames-2 PES are 0.001, 0.01, 0.01, 0.14 and 6.0 at the five temperatures,
respectively, i.e., the relative differences are all less than 0.002%.

Table 2. Partition function values of ?C'®0,, compared to earlier studies.

0(2C150,) 296K 1000K 2000K 3000K 4000K
CDSD-4000 (44K) [50] 114762 378338
Ames-2 PES (40K) 286.0979 2838.5824 | 246224657 | 114757.1426 | 378089.4113
X01d (this work, 40K) 286.0968 2838.5914 | 246224771 | 114757.0085 | 378083.4302
X01d (this work, 36K) 286.0968 2838.5914 |  24622.4763 | 114750.0436 | 377446.8213
UCL-4000 (36K) [53] 286.0983 2838.5737 | 24622.0857 | 114428.1111 | 367222.6396
HITRAN [66] (hitran.org) 286.0938 2838.4728 | 24578.6085 | 113009.0950 | 359312.8600
TIPS 2017 [71] 286.09 2838.5 24579 113010 359310

IV. AI-3000K : Convergence Tests

Unless specified, default 'AI-3000K' in following discussions refers to the line list including 4
isotopologues with E'/E" (626) up to 40,000 cm™!, all rovibrational levels in the range of 0 — 24,000 cm'!
are updated by CDSD2019 energies, and the 421 coefficients for transitions with £'<15,000 cm™ and Sxoex >
10%°~10* cm™!/molecule.cm™ are replaced using Ames-2021 296 K line list values. Therefore, for most
transitions at 296 K, the line position accuracy can refer to that of CDSD 2019 [45], and line intensity
accuracy can refer to that of Ames-2021 296K IR line list reported in Huang et al. (2022) [60]. More
statistical plots are reported in supplementary file'README'.

IV.1 Overview and Isotopologue Contribution

In Fig.4, left panels a) and b) show the overview spectra of 4 isotopologues separated at 1000 K
(top @) and 3000 K (bottom b). Above 5000 cm™!, the main isotopologue (626) intensity is the strongest at
both temperatures. At 3000 K, it is interesting to observe that in the range of 12,000 cm™' to 20,000 cm™,
the asymmetric 628 isotopologue absorption is stronger than that of the symmetric 636 isotopologue,
which is the 2" most abundant of all CO» isotopologues,. Near 20,000 cm™, the Se27 intensity is also
stronger than Se36 intensity. The 0 — 5000 cm™ region is enlarged in right panels ¢) and ). At 1000 K, 628
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and 627 absorptions dominate the range of 1200 — 1500 cm™ and 2600 — 2700 cm'. But at 3000 K, the
626 intensity is the strongest everywhere. Note the data points in Fig.4 use the intensity sum of 10 cm™
intervals, which is sufficient for the qualitative analysis in this section.

Obviously, 636, 628, and 627 isotopologues must be included for IR analysis and simulations at
low energy or at temperatures below 1500 K — 2000 K. At 3000 K and above, their contributions are
trivial and can be safely ignored in most spectral regions, unless one really needs highly accurate intensity
converged better than 99% — 99.9%. For example, in the scale of Fig.4d the contribution from
isotopologues #2 - #4 at 3000 K is only visible around 1350 cm™'. It is barely detectable at 4000 K.
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Figure 4. IR simulations for 4 CO; isotopologues in AI-3000K line list: (a) overview at 1000 K; (b)
overview at 3000 K; (c) 0-5000 cm™ at 1000 K; (d) 0-5000 cm™ at 3000 K. Intensity data are summed over
each 10 cm’™'.

Compared to UCL-4000, the 626 black lines in Fig.4b have a slope generally consistent in the
range of 11,000 — 20,000 cm’!, not as flat as shown in the Fig.4 of Yurchenko et al (2020) [53]. Those
extra IR intensities in UCL-4000 at the high end of wavenumbers are probably related to the irregular
intensity peaks of cold band series, n110i, where n =7 — 14 and i = 1,2,...,n+1. Those peaks can be easily
identified at 300 K [60] and 500 K [53]. See Fig.13 of Huang et al. (2022) [60] for more details and
discussions about the potential source of intensity noise in UCL-4000.

Another difference between AI-3000K and UCL-4000 is more significant in the trough regions
below 10,000 cm™. See Fig.5. From 2000 K to 3000 K, or from 3000 K to 4000 K, the intensity increments
of AI-3000K list are much greater than those of UCL-4000, especially in the range of 1300 — 1350 cm™,
and 2600 — 2700 cm™'. From 3000 K to 4000 K, the intensity increments of UCL-4000 in those troughs
are very small or hard to find, as shown in the Figure 4 of Yurchenko et al. (2020) [53]. This is mainly
caused by the £"<16,000 cm™ cutoffs adopted in UCL-4000 line list. See Sec.IV-3.

IV.2 Impact of E' cutoff
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The overview spectra in Fig.5 compare two '2C'%0; line lists from 296 K to 4000 K, to investigate
the impact of E' cutoffs. The list with £'<36,000 cm™ cutoff ('36K") is plotted as solid lines while the list
with £'<40,000 cm™ cutoff ('40K") is plotted as dotted lines. At 1000 K, dotted and solid red lines
completely overlap with each other in the whole range up to 20,000 cm™'. At 2000 K, starting from 15,000
cm’!, the blue dotted line is separated from the blue solid line. At 3000 K, green dotted and solid lines
start to differ near 9000 cm™'. At 4000 K, purple dotted line is stronger than solid line in most regions,
except the peak regions below 5000 cm™. Therefore, it is concluded that the 36,000 cm™ cutoff is
insufficient for 4000 K analysis, while the 40,000 cm™ cutoff seems good for 3000 K IR simulations up
to 9000 cm’!.
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Figure 5. Overview spectra of 2C'°0, in AI-3000K from 1000 K to 4000 K, with E'/E"< 36000 cm™! or
E'/E"<40000 cm™'. Intensity data are summed over each 10 cm™! range.

The convergence defect of £'<36,000 cm! is also evident in the range of 10,000 to 20,000 cm™.
From 2000 K to 4000 K, the separations between solid lines are much smaller than those between dotted
lines. However, it is difficult to estimate the intensity accuracy of AI-3000K in the range higher than
15,000 cm™ (7 > 3000 K) or higher than 10,000 cm™ (7 > 4000 K). For these ranges, a 20% intensity
uncertainty could be considered an acceptable prediction at 4000 K, especially in some sensitive regions.

Fig.6 gives three examples for the impact of £' cutoff, with linear scale of intensity. In panel a,
difference between Saokx and Ssek is small at 3000 K (green lines), e.g., 2-3% at 50 cm™. At 4000 K, Saox
is 20% stronger than Ssek. In panel b, the Ssok vs Ssek difference at 3000 K goes from 2% at 2500 cm™,
8% at 2600 cm™, to 17% at 2700 cm™' and 35% at 2800 cm™. At 4000 K, the corresponding differences
are 22%, 39%, 60% and 101%, respectively. This is one of the most sensitive spectra ranges of CO; that
we will keep monitoring at high temperatures. The comparison in panel c is at 10,000 cm™'. The Saok vs.
S3ek difference is less than 1% at 2000 K, 30-35% at 3000 K, and as large as 140% at 4000 K.
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Figure 6. Impact of E' cutoff (a) below 100 cm™'; (b) 2500 — 2900 cm’!; (¢) 10000 cm’!. Intensity data are
summed over each 10 cm™ range. Solid lines represent £'<36K cm™! list, while dotted lines represent £' <
40K cm™! list.

It should be noted that both Fig.5 and Fig.6 use intensity sum over 10 cm™ intervals. However, 1
cm™ or 0.1 cm™ based comparisons not necessarily lead to larger relative differences. Fig.7 reports the
ratio of intensity in Siok associated with E' = 36000 — 40000 cm!, or AS = Ssok — S36k, with intensity data
summed over every 1 cm. With logl0 scale in Fig.7a and regular linear scale in Fig.7b, we can
quantitatively estimate the intensity convergence with respect to £' cutoff at specific wavenumber. At
1000 K (blue dots), the ratio of AS is less than 107 in the range of 0 — 12,500 cm™!, and less than 5x10 at
20,000 cm™. The convergence at 1000 K is fully satisfactory up to 20,000 cm™!, with either E' cutoffs. At
2000 K, the ratio is less than 0.01, or 1%, in the range of 0 — 9650 cm™'. Then it increases to 10% at 15,000
cm’!, and 50+% at 20,000 cm™'. These ratios allow us to estimate that the convergence at 2000 K should
be better than 97-99% up to 15,000 cm™ for Saok, or better than 98-99% up to 10,000 cm™ for Ssek. The
blue vertical line in Fig.5 marks the estimated 'reliable' limit of Ssok at 2000K.

1.0

X 1 <09i® Intensity ratio AS/Sox
(,)9' 0.1 w‘o' 0.8 AS = S0k - Sze
%) ) - 296K
< 001 <07 1000K
2 £ 06
T T - 2000K
(2 0-001 * |Intensity ratio (AS/S ) 05 3000K
Z 1E-4 AS = S0k - Szex ‘é 0.4 4000K
% - 296K - 1000K 41 G 0.3

N . h : C
€ 1E-5 2000K - 3000K g =
- - 4000K 3 %%

FY

ooo
- N

E_e } ) . 'y \)
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 0 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Wavenumber Wavenumber

Figure 7. Ratio of intensity in Sy from transitions with £'= 36000 — 40000 cm™. (a) log10 scale; (b) regular
scale, 0.0 — 1.0. Intensity data are summed over each 1 cm™! range.

At 3000 K and 4000 K, the ratio of AS rises quickly from 5-20% near 9000 cm! to 50-80% around
14000 cm™'. The AS contribution further increases in the range of 15,000 — 20,000 cm™'. Obviously, neither
Sk nor Suok is sufficient for IR simulations above 10,000 cm™, if they need to be converged better than
90%. At 3000 K, Ssk may meet the 90% convergence criteria below 9000 cm™, except two sensitive
ranges of 1400 — 1800 cm™! and 2600 — 2900 cm™! where the ratio of AS is as high as 0.2 — 0.3, or 20-30%.
We estimate that Siox may meet the 90% convergence criteria in the whole range of 0 — 9000 cm™! at 3000
K, but only partially at 4000 K because the AS ratios in the two sensitive ranges rise to 0.5, or 50%.
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IV.3 Impact of E'" cutoff
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Figure 8. Impact of E" cutoff in Ssex line list of '2C'°O,. The full Sk (green) is given along for reference. Panels a and
d: 2000 K; panels b and e: 3000 K; panels c and f: 4000 K. Panels a,b,c are overview, and d,e,f are 1700 — 2100 cm™.

The top panels a-c of Fig.8 illustrate the impact of the £" cutoff in overview from 0 to 10,000 cm”
!, using intensity sum of 10 cm™ bins. To separate the £' and E" cutoff impacts, the AI-3000K line list is
filtered by £=36,000 cm™ and three E" at 16,000 cm™ (16K, black), 26,000 cm™ (26K, blue), and 36,000
cm’! (36K, red). The full Siok intensity is plotted in green lines for comparison. At 2000 K, the separation
between the black and blue lines are clear in troughs and shoulders, while the red and green lines are
barely distinguishable. An extreme example is given in panel d at 2010 cm™', where E"(26K) leads to
intensity 4-5 times stronger than that of £"(16K). This suggests the following in the illustrated range: 1)
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the £'<16,000 cm™' cutoff is not always adequate at 2000 K; 2) £"<26,000 cm™ or £"<36,000 cm™' are
nearly equivalent at 2000 K; 3) difference between £'<36,000 cm™ and £'<40,000 cm™' is negligible at
2000 K.

At 3000 K, the separation between blue and black lines are significant in many regions of panel b.
The intensity ratio of E"(26K)/E"(16K) at 2010 cm™ rises to ~20:1, as partially shown in panel e of Fig.8.
The separation between red and blue lines is also noticeable at several shoulders in panel 4. The intensity
ratio of E"(36K)/E"(26K) is about 6:1 at 1840 cm™ (panel e). The separation between green and red lines
is very small in most regions of panels b and e, while the full S4ox intensity can be 35% stronger than that
of E"(36K) at 2800 cm™! or near 10,000 cm™. It is consistent with the £' analysis in previous section.

Comparison at 4000 K is given in panels ¢ and /. The separation between red and blue lines is
significant in many regions, e.g., the intensity ratio of £"(36K)/E"(26K) reaches 10~20:1 between 1780 cm™!
and 1850 cm!. The separation between green and red lines is also clear, but not that large. The full Sk
intensity is two times as large as that of £"(36K) at 1715 cm™ and 2790 cm’!, while the Siok/S36k ratio is
generally in the range of 1.0 — 1.1, for 70% of the wavenumber range from 0 to 8000 cm™'.

In summary, the E" cutoff is the foremost factor impacting the spectra convergence under 10000
cm’!, especially near the trough regions. £"<36,000 cm™ may be acceptable at 3000 K for many spectra
regions below 10,000 cm™!, but probably not adequate for 4000 K, either. Further studies are required to
confidently converge a semi-empirical IR line list above 3000 K, which will definitely require both E' and
E" cutoffs going beyond 40,000 cm™'.

V. Compared to Shock Tube Experiment Spectra

After convergence checks, AI-3000K line list needs to be further evaluated against reliable
experimental IR spectra measured at high temperatures. Experiments with middle to low resolution can
provide qualitative reference for overall estimation of intensity accuracy or deficiency. Examples include
Bharadwaj and Modest (2007) [61] and Evseev, Fateev and Clausen (2012) [62], which we compared to
Ames-1000K in Ref. [52]. But only high-resolution experimental spectra can provide quantitative, or at
least semi quantitative guidance for line position and intensity improvements.

In 2017, Mulvihill and Petersen [72] reported high-resolution (0.001 cm™') shock tube IR spectra
of CO> diluted in Ar (7.509%), measured in the range of 2188.8 — 2191.8 cm™! with temperature from
1158 K to 2017 K, and pressure from 5.1 kPa to 108.4 kPa. They found closest agreement with
HITEMP2010 [51]. Near 50 spectra were reported as ORIGIN graphs in their supplementary .doc file,
with measured spectroscopic data built in. In this study, the data is extracted and compared to AI-3000K,
HITEMP [51], and UCL-4000 [53] line lists. Due to various uncertainties in experiment, calculation, and
line shape modeling, these comparisons are largely primitive. The main goal is to check the agreement
level, report discrepancies, propose explanations, and suggest fixes.

The shock tube simulations [72] were generated using a Voigt profile. The extent of the line wings
was determined using a formula that has been used in the past by the EXOMOL group : 200.x(yL + yp),
where L is the HWHM pressure broadening width and yp is the HWHM Doppler width. It is generally
assumed that the far wings of molecular lines are non-Lorentzian due to the effects of line mixing and
other limitations of the impact approximation in collisional broadening. These effects are not considered
here and the formula that limits the extent of the line wings is designed to capture almost 100% of the line
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opacity. The far wings of these lines are not significant in these simulations as the pressures measured in
the experiments are modest and very extended line wings do not play a significant role in the overall
opacity.

The partition function used for the main isotopologue of CO> was derived from UCL-4000. As
shown in Table 2, a direct comparison with newer data from this work and the HITRAN2020 shows
agreement in the region of these simulations - up to 2000 K. For the other three isotopologues, HITRAN
values were also used for the partition functions. The theoretical line strengths in all cases [HITEMP 2010 :
UCL-4000 : current work] are weighted by the relative terrestrial abundance of each isotope in order to
be compatible with the shock tube experiments.

The shock tube experiments were conducted in a CO»-Ar mixture with the Ar concentration at
92%. In order to conduct the simulations, it was necessary to provide CO»-Ar pressure broadening widths.
After searching the literature for available information, a table of half-widths was assembled that depended
only on the value of J" or |m|, which is branch dependent, while the value of the CO; self-broadening
widths was taken from HITRAN data by using an average over values for J", or in the case of HITEMP
2010 the self-broadening data was already available in the line list.

The sources for the Ar-CO2 widths were taken from several papers (see below). In Mulvihill and
Petersen [72] (Figure 10), they report the results of a number of investigations of CO2-Ar broadening as a
function of |m| where m = J" + 1 for R branch lines, m = -J" for P branch lines and m = J" for Q branch
lines. For higher values of J", data was taken from a paper by Lee and colleagues [73] which also quotes
other references. Another paper by Buldyreva and Chrysos [74] compares a semiclassical model of CO»-
Ar widths and shows that the available measurements agree well with their theoretical predictions at least
for lower temperatures. The agreement between theory and experiment decreases at higher temperatures.

The value of 'n' - the exponent in the temperature dependence of the pressure width - had to be
estimated from data taken mainly at temperatures lower than the shock tube experiments, although papers
such as Lee et al. [73], Thibaullt et al. [75], and Wooldbridge et al. [76] are examples of studies that
include a few measurements of isolated lines taken at higher temperatures. A final decision on the value
of n to use and its variation with J" was based on an estimate made from all the available data, particularly
data from Lee, et al. [73] and Thibault et al. [75]. It is difficult to place an estimate of the uncertainty in
this number due to the limited range of temperature covered in the data and in the fact that only a few lines
could be measured in each case. The simulations agree well with the experimental data which would
indicate that the estimates placed on n were reasonable. In order to match the reported values at their
higher temperatures of the shock tube measurements, a value of 0.44 was used on values of J" < 60. This
value is below the "theoretical" value of 0.5 but gave a better representation of the values at a higher
temperature. It is not intended to be viewed as a number valid over a large range of temperatures. For
higher temperatures the empirical formula #16 reported in Lee, et al. [73] was used. The values at higher
temperatures were derived directly from that formula rather than by scaling the values from 296 K.

Our comparison starts from high temperatures (7 >1800 K) and low pressures (P <10 kPa), for
sharp absorption features and less impact from pressure broadening and shifts. In Fig.9, measured spectra,
AI-3000K, UCL-4000 [53], and HITEMP [51] based simulations are plotted by black, green, red, and blue
lines, respectively. Nearly all the observed absorption peaks can easily find their counterparts on green
and blue lines, with reasonable matches for relative intensity ratio and patterns. The peak-by-peak line
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position agreements are mostly within £0.003 —0.006 cm™'. Obviously, the experiment based CDSD 2019
energy levels have provided a significant accuracy boost for AI-3000K line positions. Many peak
absorptions of AI-3000K (green) and HITEMP (blue) match experimental values within +£10-20%. This
supports the reliability of Ames-2021(-40K) DMS and IR intensity calculations. Note the measured
absorptions are usually found at higher side in these comparisons at high 7 and low P.
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Figure 9. Shock tube IR spectra [72] (black) compared to AI-3000K (green), UCL-4000 (red), and HITEMP
(blue). (a) 1980 K, 6.8 kPa, 2189.7 — 2190.15 cm™; (b) 1995 K, 6.6 kPa, 2190.4 —2190.8 cm™.

In Fig.9, the red lines of UCL-4000 [53] generally have larger deviations for both line positions
and intensities. Their absorptions can be off by 40% or more at some peak locations, e.g., at 2189.8 cm”
! orat 2190.49 — 2190.55 cm™'. Not all the observed features can be confidently matched to UCL-4000
peaks because both line position and intensity deviations can provide multiple plausible candidates, e.g.,
at 2189.95 — 2189.98 cm!, and at 2190.67 — 2190.73 cm’!. Similar observations are noted in additional
comparisons. These deficiencies could be partially related to the Ames-1 PES [37] adopted in UCL-4000
rovibrational calculation. The impact of UCL 2015 DMS [40,64] or its implementation in TROVE
calculation [77] is unclear for this specific region. Therefore, further comparison and analysis in this
section will focus on the thick lines of AI-3000K (green) and HITEMP [51] (blue).

In Fig.9a, the green line of AI-3000K is closer than the blue line of HITEMP [51] to experiment
at several major peaks, with exceptions at 2189.95 cm™ and 2190.10 cm™. Compared to HITEMP, Al-
3000K has better agreement for intensity patterns at 2189.75 cm™!, and 2189.96 —2190.01 cm’!. In Fig.ob,
AI-3000K finds better agreement at 2190.42 cm!, 2190.51 — 2190.54 cm’!, 2190.62 cm™!, and 2190.78
cm’!, while HITEMP has better agreement at 2190.44 cm™ and 2190.47 cm™. In short, AI-3000K and
HITEMP are comparable in the range of Fig.9, and there are more places for AI-3000K to find better
agreements with experiment. This observation holds for additional spectra comparison.

However, it is too early to claim the AI-3000K intensity is generally more accurate than HITEMP
[51]. First, the shock tube study was limited to a 3 cm™' range in the vs fundamental peak region. A full
evaluation will need many more high-resolution experiments in broader wavenumber ranges, as well as
wider temperature ranges, e.g., up to 3000 K. Secondly, the uncertainty associated with some shock tube
experiment data may need case by case evaluation, especially for the pressure (P). According to Mulvihill
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and Petersen [72], the general uncertainty estimates were 1.0% for 7, 1.8% for P, and 1.5% for absorption
detection and emission. Butits Fig.5 hasa 7= 1910 £ 70 K, i.e., a 3.6% uncertainty for temperature. Its
Fig.6 hasa P="7.5+ 1.4 kPa, i.e., a 19% uncertainty for pressure. Pressure is proportional to the number
of molecules in the optical path, and the simulated absorption strengths. Pressure deviations will inevitably
cause deviations on the simulated spectra. Technically, the P and T uncertainties combined can easily
exceed the peak difference between AI-3000K and HITEMP absorptions. As Ref. [72] did not report
individual P/T uncertainties for the bulk of shock tube spectra, more inclusive and semi quantitative
analysis will be necessary before making accuracy claims beyond 10-20%.

From our limited comparisons of ~20 spectra, the overall relative uncertainty was estimated to be
6+3%, averaged for the shock tube spectra dataset reported in Ref. [72]. It would be ideal if those spectra
carrying unexpectedly large uncertainties can be identified, or individual P and T uncertainties can be
determined. Although it is beyond the scope of this study, the quality and consistency of and between Al-
3000K and HITEMP [51] can provide insights on the topic. An example at 2189 cm™ is given in Fig.10
and Fig.11.

] 1453 K, 9.2 kPa

12 ‘A . ggg Figure 10. Shock tube IR spectra [72] (Expt, S2 —
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e i compared to AI-3000K (green), UCL-4000 [53]
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The S2 and S7 spectra in the supplementary file of Ref. [72] were both reported at 1453 K and 9.2
kPa. They overlap with each other from 2189.38 cm™! to 2189.49 cm’!, but their peak absorptions diverge
by more than 10%. As shown in Fig.10, the AI-3000K (green) and HITEMP [51] (blue) peak absorptions
are in good agreement with S2 spectra (solid black) on the left, but visibly weaker than S7 spectra (dashed
magenta) on the right. If the S7 spectra is scaled by 0.87 to match the S2 spectra in the overlapped range
(see the solid brown line), the experiment vs AI-3000K / HITEMP agreement is brought back to the level
of S2 spectra, as shown in Fig.10. Are these agreements accidental?

In order to get a more reliable answer or estimate, we run additional comparisons focusing on the
peak at 2189.43 cm™!, i.e., the peak at the center of Fig.10. In Fig.11a, 7 experiment spectra are compared
to six AI-3000K based simulations. Two experiment spectra, S6 and S7, are plotted as dashed orange and
magenta lines, because they appear inconsistent with other experiment spectra. From A to F, the reported
peak absorptions are higher than those of AI-3000K by 21%, 12%, 4% (or 20%), 15%, 37%, and 40%,
respectively. The S6 (F) spectra has the largest intensity difference, an unusual position red-shift, and
absorptions higher than D and close to C (S2).
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Fig.11b demonstrates the consistency between AI-3000K and HITEMP [51] in the same narrow
range of 0.08 cm™. From A to F, peak absorptions of HITEMP (blue) are higher than those of AI-3000K
(green) by 1.5%, 1.2%, 0.7%, 0.3%, -0.5%, and 1.0%, respectively. This means the impact of P:T
condition changes are mostly systematic on intensities, and they are highly consistent between AI-3000K
and HITEMP. Now the S6 (F) spectra in Fig.11a can be safely identified as an outlier. Nevertheless rest
A-E spectra and simulations follow similar intensity ladder in both Fig.11a and Fig.11b panels, with
different separations among spectra though. It is still not 100% clear if the differences in Fig.11a are
mainly resulted from unknown deficiencies of AI-3000K (and HITEMP), or from the underestimation of
pressure in the shock tube experiments (so S7 is an outlier), or both. Note it is highly unlikely to attribute
the intensity differences to line position deviations in AI-3000K or HITEMP that potentially become
larger at higher J and higher vibrational quanta, or energy.
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Figure 11. Compare the shock tube experiment [72] and IR simulations at 6 reported pressures and
temperatures, numbered from A to F. a) experiment (black lines, or dashed orange line for S6, and dashed
magenta line for S7) vs AI-3000K (green); b) AI-3000K (green) vs HITEMP [51](blue).
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Figure 12. Shock tube IR spectra [72] (black) compared to AI-3000K (green), UCL-4000 [53] (red), and
HITEMP [51] (blue), between 2189.7 —2190.15 cm™'. (a) 1945 K, 36.9 kPa; (b) 1899 K, 83.5 kPa.
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The intensity predictions of HITEMP [51] and AI-3000K are based upon two totally different
schemes: experimental Effective Hamiltonian and dipole models, or quantum rovibrational calculations
using high level ab initio PES and DMS. They were expected to have reliable intensity predictions and
reasonable agreement with experiments. Now their peak intensities are more consistent with each other
than with experiment. Remember that the Fig.7 in Section IV has a quantitative estimate for the intensity
convergence of AI-3000K line list. Around 2189 cm™!, the AS/Saok ratio is less than 10”7 at 2000 K, or less
than 5 x 107 at 3000 K, or less than 5 x 10 (or 0.05%) at 4000 K. In other words, this spectra range is
extraordinarily stable. Contributions from PES or DMS higher energy region (e.g., thousands of hot bands)
only have minimal impact. The reliability of AI-3000K prediction in this range would be much higher
than those discussed for general scenarios in Section IV. Therefore, the AI-3000K and HITEMP are not
expected to have systematic intensity deviations > 10% at 2000 K. However, we must be prepared to look
for unknown factors contributing to such deviations, in case they are confirmed by future studies.

The intensity discrepancy at higher pressure has also been checked. Fig.12 compares absorptions
in the same range of Fig.9a, i.e., 2189.7 — 2190.1 cm’!, with similar temperature but pressure increased
from 6.8 kPa to 36.9 kPa in panel a, and 83.5 kPa in panel b. As expected, higher pressure leads to less
sharp features. The 15 absorption peaks in Fig.9a have merged into 4-5 wider bumps in Fig.12b. Compared
to HITEMP [51] (blue) lines, the AI-3000K (green) lines are stronger and closer to experiment (black)
lines. These are consistent with Fig.9a, while the peak absorptions of AI-3000K and HITEMP now have
better agreement with shock tube spectra in both panels of Fig.12.

Additional comparison suggests that the agreement level between AI-3000K and experiment could
be related to pressure. It is noticed that the agreement varies from ~10% underestimation below 10 kPa,
to being roughly similar in the range of 10 — 20 kPa, then to minor overestimation at higher pressure. Note
this observation still needs independent verification, but here are the potentially contributing factors (if
confirmed): (1) the uncertainty of P remains about the same, so the relative uncertainty of P was
significantly reduced at higher pressure; (2) the line shape model for 2000 K simulation of CO»-Ar system
needs enhancement to improve the agreement with measured spectra; (3) the P estimate in shock tube
experiment had minor underestimation.

On the other hand, the troughs of both AI-3000K and HITEMP [51] simulations in Fig.12b are
explicitly stronger than those measured at 2189.78 cm™, 2189.90 cm™!, 2189.96 cm™, 2190.00 cm’!, and
2190.05 cm™. Assuming the P and T uncertainty had been minimized and the broadening model is reliable,
one potential explanation is that the AI-3000K and HITEMP line lists contain weak lines carrying
overestimated or fake intensity. They could have boosted the whole spectra to accidentally agree with
experiment peak heights, but unavoidably appearing stronger at the bottom of troughs. This sounds
plausible but there is not enough evidence for or against it, so will be another focus of future investigation.

It should be noted that the differences between HITEMP based simulations and CDSD-4000 based
simulations are negligible or very small at the Shock Tube experiment conditions up to 2000 K, especially
when they are compared to the database and experiment differences shown in Figs.9-12. In other words,
they can be considered equivalent, so CDSD-4000 is not explicitly compared in this section.

VI. Summary and Future Improvements
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The construction of AI-3000K IR line list is introduced, including the generation and quality of a
new dipole moment surface (Ames-2021-40K) accurately fitted up to 40,000 cm™', and a new potential
energy surface (X01d) refined with respect to selected CDSD2019 [45] levels. The line list computations
cover the range of 0 — 20,000 cm™! for the 4 most abundant isotopologues: 626, 636, 628 and 627. The
J=0-150 CDSD energy levels up to 24,000 cm™ are adopted to upgrade the corresponding X01d PES
based line positions, and 421 coefficients of Ames-2021 296 K IR line lists [60] are utilized to replace
their counterparts for transitions with E' < 15,000 cm™. In short, the AI-3000K line list is the CDSD
oriented X01d PES and Ames-2021-40K DMS based line list enhanced with the Ames-2 PES and Ames-
2021 DMS based A2 coefficients, and CDSD energy levels..

In total, AI-3000K has 36 billion IR transitions, and its compact storage occupies 400 GB.
Convergence tests and analysis are carried out for isotopologues, upper state energy E' cutoff, and lower
state energy E" cutoff. The AI-3000K line list is converged to better than 90% for 0 — 20,000 cm™! at 1000
K, or 0 — 15,000 cm™! at 2000 K, and 0 — 9000 cm™ at 3000 K. Convergence for 4000 K and above will
require new PES and new DMS effectively covering the region of £E' > 40000 cm™. Because the UCL-
4000 [53] line list had intensity noises above 10,000 cm™', and missed some intensities below 10,000 cm"
! due to the £"<16,000 cm™ cutoff, AI-3000K provides a better candidate for hot CO; IR analysis and
simulation up to 3000 K. Please note experimental intensities or experiment based effective dipole model
(e.g., CDSD) predictions are still recommended for transitions or bands strongly perturbed by Coriolis
interactions [60].

The comparisons with shock tube IR spectra near 2000 K demonstrate that AI-3000K line list
carries line position accuracy analogous to HITEMP [51], and better intensity agreement at more places.
In other words, the new algorithm adopted in AI-3000K construction seems to be working satisfactorily.
The CDSD energy levels have provided critical boost for line position accuracy of AI-3000K. The quality
of the CDSD oriented X01d PES, Ames-2021-40K DMS and Ames-2021 IR line lists have passed first
round of tests. Questions remain about some discrepancies observed at different temperatures or pressures.
Finding answers or solutions to those questions will rely on the future synergy between experiment and
theory.

From a perspective of semi-empirical IR line list calculations, it seems not immediately practicable
to refine PES or evaluate DMS with respect to the experimentally measured absorptions. This is mainly
due to the uncertainties discussed in Section V. We hope the AI-3000K list will be independently
evaluated by colleague groups, and compared to more high-resolution experiments when available.
Hopefully, future experiments at different pressures and higher temperatures will offer more insights and
help elucidate the agreement changes associated with pressure. IR intensity reliably measured at high
temperature in stable regions (e.g., absorption peaks of major vibrational bands) may help enhance the
intensity accuracy of semi-empirical IR line list for some important hot bands that are not too weak at
room temperature. From the interest of line list convergence, high-resolution experiments are desperately
needed for those sensitive regions as discussed in Section IV.2 and IV.3, e.g., 1700 — 1900 cm™!, and 2650
— 2850 cm™'. Absorptions in those regions will be far more challenging for semi-empirical IR line lists to
predict reliably, or accurately.

In Figs. 9-12, part of the differences between AI-3000K and HITEMP2010 are caused by the
upgrade of CDSD models from 2010 to 2019, and AI-3000K uses the 2019 CDSD levels which we assume
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more reliable. On the other hand, the line position differences with respect to measured spectra should be
investigated in future, because pressure shifts are not incorporated in Section V simulations. But existing
pressure shift parameters are based on lower temperature experiments, not necessarily suitable for 2000 —
4000 K analysis. The line position deviations in Figs. 9-12 are obviously dependent upon specific peak
or band. It requires more detailed analysis to check the major transitions or bands behind an absorption
peak, and to estimate the impact of pressure shift which has been corrected to 2000 K. If the impact is not
large enough to cause 0.003 —0.006 cm™! shifts, it may be necessary to consider the accuracy loss of CDSD
energy levels at high energy and high J's. This path potentially leads to more accurate PES refinement,
which accordingly will help generate more reliable IR line lists, e.g., Ames-4000K in future. It may be
also necessary for PES refinements to include higher order terms to improve the accuracy at high energy
or high J.
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Supplementary materials:

The supplementary data files associated with this article include: The supplementary files are:
(1) a README file for AI-3000K line list calculation and additional statistics.

(2) CO2 X01d PES subroutine and coefficients (also available from http://huang.seti.org), input
and output of X01d PES refinement.

(3) Ames-2021-40K DMS subroutine and coefficients (also available from http://huang.seti.org),
fitting deviations on 11155 geometries.

(4) an ORIGIN project file containing the figures and data analysis presented in this paper. Please
use Origin Viewer (www.originlab.com/viewer) to open and extract data.

(5) a FORTRAN program to convert the .tgz files back into simple text format, and a readme for
convert.f90 file to explain how to use and customize the program to generate hot CO> line list at user
specified temperature and with flexible format.
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(6)" Rovibrational energy level lists for 4 CO; isotopologues, and a list of zero point energy and
partition function values at 296 K, 1000 K, 2000 K, 3000 K, and 4000 K. (~530 MB in .tgz format)

(7)" 2000 .tgz files of AI-3000K IR line list, covering 0 — 20,000 cm'. (~400 GB)

Files #(1) - #(5) are published with this article at https://doi.org/10.1016/j.jmspec.2023 .xxx (to be
updated at proof stage). Because the size of files #(6) and #(7) exceed the maximum data size allowed by
journal, they are being released together with other files through the dataset portal of NASA Advanced
Supercomputing Division at https://data.nas.nasa.gov/ai3000k, which will be freely available to public.
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