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ABSTRACT

The rovibronic (rotation-vibration-electronic) spectrum of the calcium monohydroxide radical (CaOH) is of interest to studies of exo-
planet atmospheres and ultracold molecules. Here, we theoretically investigate the A *II-X*2" band system of CaOH using high-level
ab initio theory and variational nuclear motion calculations. New potential energy surfaces (PESs) are constructed for the X22* and A *II
electronic states along with A-X transition dipole moment surfaces (DMSs). For the ground X *Z* state, a published high-level ab initio
PES is empirically refined to all available experimental rovibrational energy levels up to J = 15.5, reproducing the observed term values
with a root-mean-square error of 0.06 cm™". Large-scale multireference configuration interaction calculations using quintuple-zeta quality
basis sets are employed to generate the A’II state PESs and A-X DMSs. Variational calculations consider both Renner-Teller and
spin-orbit coupling effects, which are essential for a correct description of the spectrum of CaOH. Computed rovibronic energy levels
of the A2IT state, line list calculations up to J = 125.5, and an analysis of Renner-Teller splittings in the v, bending mode of CaOH are

discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052958

I. INTRODUCTION

Recently, a number of research fields have shown increasing
interest in the rovibronic spectrum of the calcium monohydroxide
radical (**Ca’®O"H). CaOH is expected to occur in the atmospheres
of hot rocky super-Earth exoplanets, but a lack of molecular line list
data is hampering its detection.” This type of exoplanet is in close
proximity to its host star and subject to extremely high tempera-
tures, e.g., 2000-4000 K, which causes the material on the surface of
the planet to vaporize. The result is an atmosphere strongly depen-
dent on planetary composition where a number of simple molecules
composed of rock-forming elements (Si, Ca, Mg, and Fe) are antici-
pated.>* A recent systematic study modeling M-dwarf photospheres
also noted missing opacity from the benchmark BT-Settl model
due to CaOH, notably its band around 18 000 cm™,” and CaOH

has been included in models of hot-Jupiter exoplanet atmospheres.°
The fields of ultracold molecules and precision tests of fundamen-
tal physics have been focusing on the alkaline earth monohydrox-
ide radicals, notably CaOH.”* The rovibronic energy level struc-
ture is particularly favorable when designing efficient laser cooling
schemes, and direct laser cooling of CaOH to temperatures near 1
mK has already been demonstrated in a one-dimensional magneto-
optical trap.” Experimental schemes to extend cooling of CaOH into
the microkelvin regime are actively being considered."

The calcium monohydroxide radical is an open-shell, lin-
ear molecule with a relatively complex electronic structure. Mea-
surements of its rovibronic (rotation-vibration-electronic) spec-
trum'!~%° have revealed the lowest-lying eight electronic states up
to the GIT state at ~32 633 cm™'.!? Interestingly, the spectrum
of CaOH is modified by the Renner-Teller effect,”” which occurs

J. Chem. Phys. 154, 234302 (2021); doi: 10.1063/5.0052958
Published under an exclusive license by AIP Publishing

154, 234302-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0052958
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0052958
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0052958&domain=pdf&date_stamp=2021-June-16
https://doi.org/10.1063/5.0052958
http://orcid.org/0000-0002-5167-983X
http://orcid.org/0000-0002-4384-2625
http://orcid.org/0000-0002-2122-7322
http://orcid.org/0000-0001-9286-9501
http://orcid.org/0000-0002-4994-5238
mailto:alec.owens.13@ucl.ac.uk
mailto:v.clark.17@ucl.ac.uk
mailto:Alexander.Mitrushchenkov@univ-eiffel.fr
mailto:s.yurchenko@ucl.ac.uk
mailto:j.tennyson@ucl.ac.uk
https://doi.org/10.1063/5.0052958

The Journal

of Chemical Physics

in molecules with a doubly degenerate electronic state at linearity,
e.g., the A 11 state of CaOH. As the molecule bends, the interac-
tion of the electronic orbital angular momentum and the nuclear
vibrational angular momentum lifts the degeneracy of the elec-
tronic state, which splits into two non-degenerate components.
The Renner-Teller effect significantly complicates spectral analy-
sis and must be considered in any correct description of CaOH
spectra,’® 171922226

There have been a number of theoretical studies on the elec-
tronic structure of CaOH,”*” but the majority of these have
focused on molecular structures and properties. The most rele-
vant work to that presented here is of Koput and Peterson,** who
computed an accurate ab initio potential energy surface (PES) for
the ground X2=* state using the spin-restricted coupled cluster
method, RCCSD(T), with large correlation consistent basis sets of
quintuple-zeta quality. Variational rovibrational energy level calcu-
lations showed excellent agreement with experiment, reproducing
the known fundamental wavenumbers (the Ca-O stretching v; and
bending v, modes) to within 1 cm ! and excited vibrational levels to
within 4 cm™.

In this work, we computationally investigate the A *TTI-X*x*
rovibronic spectrum of CaOH, considering both Renner-Teller and
spin—orbit coupling effects in our spectroscopic model. New poten-
tial energy surfaces (PESs) for the X 23" and the A 21T state (which
splits into two Renner surfaces A’ and A” at bent configurations
of CaOH) are determined along with A *ITI-X *2* transition dipole
moment surfaces (DMSs). Variational nuclear motion calculations
are performed with the EVEREST code,”® which employs an exact
kinetic energy operator and is capable of treating an arbitrary num-
ber of electronic states with strong Renner-Teller coupling. Rovibra-
tional and rovibronic energy levels of CaOH are calculated and com-
pared against available experimental data to validate our spectro-
scopic model. A preliminary molecular line list covering rotational
excitation up to J = 125.5 in the 0-30 000 cm™' range is generated,
and Renner-Teller splittings in the v, bending mode of CaOH are
discussed.

Il. COMPUTATIONAL DETAILS
A. Potential energy surfaces

The ground and excited state PESs were each represented using
the analytic function

V=Y fubi&8 (1)

ijk

with maximum expansion order i + j + k = 8. The vibrational coor-
dinates are

fl = (7’1 - T’Tq)/rl, (2)
& =(rn-ry)/n, (3)
53 = a_aeqa (4)

where the internal stretching coordinates r; = rc.o0, 72 = rou, the

interbond angle o = «(CaOH), and the equilibrium parameters
eq _eq § - o

are r;, 1,', and deq (see the supplementary material for values).
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Note that the exponent k associated with the bending coordinate &,
assumes only even values because of the symmetry of CaOH.

For the ground X °S* state, we have taken the original ab initio
PES of Koput and Peterson®® and empirically refined it to term val-
ues up to J = 15.5 using an efficient least-squares fitting procedure’”
in the variational nuclear motion program TROVE.” The data used
in the refinement for the X*Z* state were taken from a recent
MARVEL (measured active rotation vibration energy level) analysis
of the published spectroscopic literature of CaOH,*” where a robust
algorithm was able to provide 1955 experimental-quality levels for
the five lowest-lying electronic states. The relevant data for this study
covered the regions 0-2599 em™! (X2=) and 15 966-17 677 cm ™
(ATI). In the refinement, only five of the ground state expansion
parameters f,; were varied (the three quadratic parameters plus
the quartic and sextic bending parameters), along with the equi-
librium parameters r;? and r5%. Since TROVE is unable to treat
spin interactions (as opposed to the program EVEREST), spin-
unresolved experimental term values were used in the refinement.
These were formed by taking the average of the two separate spin
component energies for each rovibrational state. Pure rotational
energies were given a higher weighting in the refinement as they
had smaller measurement uncertainties compared to excited vibra-
tional states. Atomic mass values of 39.951 619 264 818 Da (Ca),
15.990 525 980 297 Da (O), and 1.007 276 452 321 Da (H)*
were used in the TROVE refinement, and these values were subse-
quently used in rovibronic calculations with EVEREST (discussed in
Sec. 11 B) to ensure the accuracy of the refined X 22* PES was main-
tained. The results of the X X" state refinement will be discussed in
Sec. 111

For the first excited A 211 state, electronic structure calculations
were carried out on a grid of ~2700 nuclear geometries in the range
hc - 15377-35 000 cm ™" (k1 is the Planck constant and c is the speed
of light) using the quantum chemical program MOLPRO2015.%#>
Initially, state-averaged multi-configurational self-consistent field
(MCSCEF) calculations**** including the ground X *T* and excited
A’TI (both A’ and A” components) states were performed. The
resulting molecular orbitals were used in internally contracted mul-
tireference configuration interaction (MRCI) calculations in con-
junction with the correlation consistent basis sets cc-pV5Z for Ca*
and aug-cc-pV5Z for O and H.** The active space included 7 elec-
trons distributed between (10a’,5a”) orbitals in Cs point group
symmetry. This choice of active space yielded smooth surfaces for
the A" and A” components and the correct Renner-Teller behav-
ior, i.e., degenerate electronic energies for the two components at
linear geometries. Previous computational studies of the low-lying
electronic states of CaOH’*”> have investigated different choices
of active space, but these studies were concerned with many more
electronic states than are required here.

Discussing the quality of our electronic structure calculations,
there are of course errors arising from our treatment. The largest
available correlation consistent basis sets for Ca are of quintuple-
zeta quality, and we have utilized the original cc-pV5Z basis set,*”
which was used to produce an accurate ab initio ground state PES
of CaOH. Note that more recent pseudopotential-based correlation
consistent basis sets up to quintuple-zeta quality have been devel-
oped for Ca.”® Schemes exist to remove the error associated with
truncation of the one-particle basis set through extrapolation to the
complete basis set limit, but we believe this incompleteness error
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to be small enough to neglect, given the limitations of the MRCI
calculations. For example, size extensivity errors in truncated config-
uration interaction calculations can be somewhat compensated for
by inclusion of the Davidson correction, but it is not always clear if
this will improve the description of the excited state PESs.*”* Scalar
relativistic effects can also improve the accuracy of the PES, but to
achieve a balanced description, it is advisable to treat them together
with other additional corrections to recover more of the correla-
tion energy, e.g., the effects of core-correlation,”** but these can be
computationally expensive to include.

It is important to note that we intend to empirically refine the
excited A *T1 state PESs, and this procedure will mitigate many of
the errors associated with the underlying ab initio calculations. Gen-
erally speaking, empirical refinement of a more accurate ab initio
PES will result in a more accurate final PES. However, the additional
computational effort that is required to improve the ab initio PES
must be carefully considered, especially if there is sufficient experi-
mental data available for refinement as is the case for CaOH. From
our experience, purely ab initio excited state PESs are never accurate
enough for high-resolution spectroscopic applications and a degree
of empirical refinement is always necessary.

As mentioned already, the Renner-Teller effect lifts the degen-
eracy of the A ’II state, which splits into two components A" and
A" at bent configurations; see Fig. 1. The two surfaces were fit-
ted independently using the analytic representation and coordinates
given above, with the pure stretching parameters having identical
values at the linear (equilibrium) configuration. For the A’ com-
ponent, 42 parameters (including 3 equilibrium parameters) were
used in the fitting and reproduced the ab initio data with a weighted
rms error of 0.160 cm™'. The fitting used the weighting function
of Partridge and Schwenke® to favor energies closer to the excited
state minimum and the robust fitting scheme of Watson®’ to reduce
the weights of outliers. When fitting the A” component, only para-
meters associated with the bending coordinate were allowed to
vary to ensure the correct Renner-Teller behavior. Expansion

30000

28000

26000

24000

22000

20000

Wavenumber / cm—!

18000

16000 L ‘ ‘ ‘ ‘ ‘
60 80 100 120 140 160 180
« / degrees

FIG. 1. One-dimensional bending cut of the A 21T state potential energy surface.
At bent configurations, when the bond angle & < 180°, the Renner-Teller effect
lifts the degeneracy of the A 211 state, which splits into two separate components
A"and A”.
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parameters associated with stretching terms only were kept fixed to
the values determined in the A’ component fitting. For the A” com-
ponent, 42 parameters (including 3 equilibrium parameters) were
used and the ab initio data were reproduced with a weighted rms
error of 0.196 cm™".

The spin-orbit coupling between the A" and A" components of
the A *TI state was also computed at the MRCI/aug-cc-pV5Z level of
theory and fitted using the same representation and coordinates as
the PESs. As the curve is much simpler in form, only a fourth-order
expansion with 22 parameters (including 3 equilibrium parameters)
was used, reproducing the ab initio data with a weighted rms error
of 0.158 cm™".

A full empirical refinement of the A *IT state potentials will
require development of the rovibronic code EVEREST,*® which is
beyond the scope of the present study. This will be carried out in
future work before a comprehensive molecular line list of CaOH
is computed for the ExoMol database.”’ >* To evaluate the quality
of our calculations and PESs, we have adjusted the zeroth-order
expansion parameters fooo of the A" and A” PESs and spin-orbit
coupling curve to better agree with experiment. This can be under-
stood as a shift in the minimum of the excited state PESs and a
correction of the magnitude of the spin-orbit coupling to ensure
accurate spin—orbit splitting in the energy level structure of CaOH.
To achieve this, the two parameters (the A’ and A" PESs assume the
same fooo value) were adjusted in rovibronic calculations (discussed
in Sec. I1 B) to match the A *TT ground vibrational state J = 1.5 energy
levels at 15 966.0948 cm ™' (e parity) and 16 032.5536 cm ™" (f parity).
Here, e and f are the Kronig parity quantum numbers.’* These two
energy levels were selected as they are the lowest energies avail-
able for the A *IT state in the MARVEL dataset of empirical-quality
CaOH term values.”” No experimental values for the A *II ground
vibrational state ] = 0.5 energy levels are available.

1. Dipole moment surfaces

Transition DMSs for the A-X band system were computed as
expectation values at the MRCI/aug-cc-pV5Z level of theory on the
same grid of nuclear geometries as the PES. To represent the tran-
sition DMSs analytically, we have adopted the pq axis system™ and
the following coordinates:

G=r-n (5)

L=n-rl (6)

(3 = cos & — COS tteq, (7)

where riq, rzq, and aeq are the equilibrium values (see the

supplementary material for DMS parameters). For the perpendicular
#, and p, components, the function

w= Y EDLO0E (®)
ipyip,i3
was used. While the parallel 4, component was expressed as
Hg =sin(m—a) 3 FD GG ©)
11512,13

A sixth-order expansion was used to represent the DMSs with
the parameters Ft(lp é q:z determined in a least-squares fitting to the
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4.5 error of 0.0012 and 0.0013 D, respectively. The y, component was
4.0 L  abinitio PES i fitted with 66 parameters (including 3 equilibrium parameters) and
35| refined PES o | a weighted rms error of 0.0041 D. All surfaces generated in this
- ' work are given in the supplementary material along with programs
g 30 ] to construct them.
= 25} 1
E a0l | B. EVEREST calculations
L 151L | Rovibronic calculations were performed with the EVEREST
< code,” which is able to treat interacting states with spin-dependent
5 10} 1 coupling and Renner-Teller effects in triatomic molecules.
< 05 I ? EVEREST employs an exact kinetic energy operator and is general
0.0 °_ o - & in its design, having been used in several spectroscopic studies
’ SR on Renner-Teller systems, such as the SiCCl radical,”® the PCS
- I I I I 3 57 4 3 58
0.5 0 500 1000 1500 2000 2500 radical,”” and the SICN/SiNC system.

Calculations for CaOH employed valence bond length-bond
angle coordinates with a discrete variable representation (DVR)
FIG. 2. Residual errors AE(obs — calc) between the observed and calculated basis composed of 100 sinc-DVR functions on both the Ca-O bond
X235+ term values of CaOH up to J = 15.5 using the ab initio and empirically in the 2.6-7.0 ao interval and the O-H bond in the 1.1-6.0 aq inter-
refined PESs (see Table | for values). val, along with 120 Legendre functions for the «(CaOH) bond
angle. Vibrational J = 0 eigenfunctions with energies up to 10 000
cm™" above the lowest vibronic state for 0 < K < 27, where K = |A + |

Wavenumber / cm~!

ab initio data using the robust fitting scheme of Watson™ and the (A and [ are the projections of the electronic and vibrational angu-
weighting function of Partridge and Schwenke.”’ The y_and #, com- lar momenta along the linear axis), were computed from a Hamil-
ponents each required 77 parameters (including the 3 equilibrium tonian with a dimension of 10 000. For K > 1, the Renner-Teller
parameters) and reproduced the ab initio data with a weighted rms effect was explicitly taken into account by solving the coupled A”/A”

TABLE . Calculated X 25+ energy levels of CaOH using the ab initio and empirically refined PESs compared against empirically derived values® (also illustrated in Fig. 2 up
toJ =15.5).

J e/f " V) L V3 Fi/F, Observed Ab initio Obs — Calc (ai) Refined Obs — Calc (ref)
0.5 e 0 0 0 0 Fy 0.00 0.00 0.00 0.00 0.00
0.5 f 0 0 0 0 F; 0.67 0.67 0.00 0.67 0.00
1.5 e 0 0 0 0 F 0.67 0.67 0.00 0.67 0.00
1.5 f 0 0 0 0 F; 2.00 2.00 0.00 2.01 0.00
1.5 e 0 1 1 0 Fy 353.22 351.95 1.28 353.30 -0.08
1.5 e 0 1 1 0 F; 354.56 353.28 1.28 354.64 -0.08
1.5 f 0 1 1 0 F; 354.92 353.27 1.65 354.63 0.29
2.5 e 0 0 0 0 F, 2.01 2.00 0.01 2.01 0.00
2.5 f 0 0 0 0 F, 4.01 4.00 0.01 4.01 0.00
2.5 f 0 1 1 0 F 354.56 353.28 1.28 354.64 -0.08
2.5 e 0 1 1 0 F 354.92 353.27 1.65 354.63 0.29
35 e 0 0 0 0 F, 4.01 4.00 0.01 4.01 0.00
3.5 f 0 0 0 0 F, 6.68 6.67 0.02 6.69 0.00
35 e 0 1 1 0 F 356.56 355.27 1.29 356.63 -0.07
3.5 f 0 1 1 0 F 356.59 355.28 1.31 356.64 -0.05
35 e 0 1 1 0 F; 359.20 357.94 1.26 359.31 -0.11
3.5 f 0 1 1 0 F, 359.25 357.92 1.33 359.30 -0.04
4.5 e 0 0 0 0 F 6.69 6.67 0.02 6.69 0.00
4.5 f 0 0 0 0 F; 10.03 10.00 0.02 10.03 0.00
4.5 e 0 1 1 0 F, 359.24 357.92 1.32 359.30 -0.05
4.5 f 0 1 1 0 Fy 359.60 357.94 1.67 359.31 0.29
4.5 f 0 1 1 0 F; 362.58 361.25 1.34 362.63 -0.04
4.5 e 1 0 0 0 F 615.67 614.74 0.93 615.68 -0.02
4.5 e 0 2 0 0 F, 695.36 694.12 1.24 695.34 0.01
4.5 e 2 0 0 0 Fy 1216.72 1214.88 1.84 1216.81 -0.09
4.5 e 3 0 0 0 F 1809.60 1806.65 2.94 1809.62 -0.02
J. Chem. Phys. 154, 234302 (2021); doi: 10.1063/5.0052958 154, 234302-4
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problem; see Ref. 36 for details. The full rovibronic Hamiltonian
including spin-orbit coupling was then built and diagonalized using
these vibronic states for J up to 125.5, where ] is the total angu-
lar momentum quantum number. The spin-orbit coupling curve,
determined from ab initio calculations described above, was repre-
sented as a fourth-order expansion using the same analytic repre-
sentation and coordinates as the PESs. Computed rovibronic states
were sufficiently converged with the chosen EVEREST calculation
parameters, with convergence testing performed by increasing the
dimension of the Hamiltonian, running calculations with K < 50,
and using larger DVR grids for the stretching and bending modes.

ARTICLE scitation.org/journalljcp

states of the A “IT electronic state have been characterized: (0,0,0),
(1,0,0), (0,11,0), and (0,20,0). The reader is referred to Fig. 1
of Ref. 39 for an energy level diagram of the experimentally mea-
sured states of CaOH. Here, vibrational states are assigned using
normal mode notation (vi, v, v3), where v; and v3 correspond to
the symmetric and asymmetric stretching modes, respectively, and
v, labels the bending mode. The quantum number L is related
to the absolute value of the vibrational angular momentum quan-
tum number [ associated with the v, bending mode, L = |I|, with
the vibrational quantum number [ taking the values |I| = v, v, — 2,
v3—4,...,0(or 1). Several quantum numbers are required to
uniquely label the rovibronic states of CaOH including the total
angular momentum quantum number ], the rotationless parity

IIl. RESULTS e/f, and the quantum labels F, and F, denoting spin components
There have been a number of experimental studies of the J=N+1/2and ] = N - 1/2, respectively, where N is the rotational
A-X band system of CaOH,'!"1¢17:19:20.23.24 byt only four vibrational =~ angular momentum quantum number. Couplings also give rise to

TABLE Il. Calculated A 2IT energy levels of CaOH compared against empirically derived values®? (also illustrated in Fig. 3 up to J = 5.5).

Vibronic state ] e/f v V2 L 3 F1/F, Observed Calculated Obs — Calc
yA ’z 0.5 e 0 1 1 0 F, 16 310.23 16 300.01 10.22
uA’s 0.5 f 0 1 1 0 F, 16 310.71 16 300.48 10.22
KAZZ 0.5 f 0 1 1 0 F, 16 408.92 16 397.77 11.15
KA®Z 0.5 e 0 1 1 0 F, 16 409.39 16 398.25 11.14
A’ 0.5 f 1 0 0 0 F, 16 586.39 16 574.38 12.01
A’ 0.5 e 1 0 0 0 F, 16 586.44 16 574.38 12.05
A’ 1.5 e 0 0 0 0 Fy 15 966.10 15 966.10 0.00
Al 1.5 f 0 0 0 0 F, 16 032.56 16 032.56 0.00
/AA ) 1.5 e 0 1 1 0 Fy 16 311.01 16 300.75 10.26
uA’s 1.5 f 0 1 1 0 F, 16 311.96 16 301.71 10.25
KA S 1.5 f 0 1 1 0 F 16 409.70 16 398.52 11.18
KA %% 1.5 e 0 1 1 0 F, 16 410.66 16 399.48 11.18
AT 15 f 1 0 0 0 Fy 16 587.38 16 575.37 12.02
A’TI 1.5 e 1 0 0 0 F, 16 587.46 16 575.37 12.10
A’TI 1.5 e 1 0 0 0 F, 16 645.70 16 631.08 14.62
pATI 15 f 0 2 0 0 F 16 650.41 16 639.24 11.17
U ATl 1.5 e 0 2 0 0 Fy 16 650.49 16 639.25 11.24
KA Tl 1.5 e 0 2 0 0 F, 16 785.75 16 767.42 18.32
AT 2.5 e 0 0 0 0 F, 15 967.82 15 967.75 0.08
AT 2.5 f 0 0 0 0 F, 16 033.94 16 034.22 -0.29
AT 2.5 e 0 0 0 0 F, 16 033.94 16 034.22 -0.28
/AA ) 2.5 e 0 1 1 0 Fy 16 312.46 16 302.16 10.30
uA’s 25 f 0 1 1 0 F, 16 313.91 16 303.60 10.31
A’A 2.5 e 0 1 1 0 F, 16 393.14 16 381.66 11.48
A%A 25 f 0 1 1 0 F, 16 393.50 16 381.66 11.84
KAZS 25 f 0 1 1 0 P 16 411.16 16 399.93 11.23
KA %Y 2.5 e 0 1 1 0 F, 16 412.59 16 401.37 11.22
Al 2.5 f 1 0 0 0 F, 16 589.04 16 577.00 12.04
ATl 2.5 e 1 0 0 0 F, 16 589.19 16 577.00 12.19
ATl 2.5 e 1 0 0 0 F, 16 647.40 16 632.72 14.68
pATI 2.5 f 0 2 0 0 F 16 652.08 16 640.89 11.19
U A’TI 2.5 e 0 2 0 0 F, 16 652.21 16 640.89 11.31
pA I 2.5 f 0 2 0 0 F 16 673.42 16 663.25 10.17
KA 211 2.5 e 0 2 0 0 Fy 16 787.47 16 769.10 18.37
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additional labeling, for example, in the (0,1',0) vibrational state,
the coupling between the vibrational angular momentum with / = +1
and the electronic angular momentum with A = +1 leads to the
three vibronic components |A + 1| =0,0,2, i.e, ¥, 27, and a dou-
bly degenerate state A. These vibronic states are then assigned
A(0, 11,0) 2y* and A(0, 11,0) 2A. Furthermore, in Renner—Teller
split states involving the v, bending mode, y and « label the lower
and upper levels, respectively, of the pair of states associated with
K>o0.

The results of the X*X* state PES refinement are shown in
Fig. 2 and Table I. Only results up to J = 4.5 are listed in Table I as the
residual errors AE(obs — calc) between the observed and calculated
values up to J = 15.5 assume consistent values for the different vibra-
tional states, as seen in Fig. 2. The original ab initio PES reproduces
the 162 term values up to J = 15.5 with an rms error of 1.17 cm
while for the refined PES, the rms error is substantially reduced
to 0.06 cm™'. Closer inspection of Fig. 2 and Table I reveals sev-
eral small outliers associated with low-J values of the (0, 1, 0) state
around ~ 355 cm™'. We believe this to be an issue with the experi-
mental values since the higher-J values in the same vibrational state
are reproduced much better, with residual errors close to zero. Low-
J states are usually more difficult to characterize in experiments as
there are fewer transitions linking them, and this was certainly the
case for the states in question as determined in the MARVEL analy-
sis of CaOH.”” The original measurements of the low-J values of the
(o, 11,0) state are from Refs. 16 and 17, while further values for this
state with 12.5 < J < 19.5 were also measured in Ref. 14.

Table II and Fig. 3 compare the computed rovibronic energy
levels of the A’IT state against all available empirically derived
energy levels.”” Again, only results up to J = 2.5 are listed in Table II
as the residual errors AE(obs — calc) between the observed and cal-
culated values up to J = 5.5 assume consistent values for the dif-
ferent vibrational states, as seen in Fig. 3. As discussed earlier,
because the zeroth-order parameters of the A" and A" PESs and
the spin-orbit coupling curve were adjusted to match the A°II
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oM A O ®O N A O ®
\
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\
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FIG. 3. Residual errors AE(obs — calc) between the observed and calculated
AZI1 term values of CaOH up to J = 5.5 (see Table Il for values).
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ground vibrational state J = 1.5 energy levels at 15 966.0948 cm™"

(e parity) and 16 032.5536 cm™! (f parity), the residual errors
for all the ground vibrational state term values are close to zero.
All other computed rovibronic energy levels are underestimated
with residual errors ranging from 10 to 20 cm™'. This is to be
expected, given that the excited state PESs are essentially ab initio
surfaces that have not been subject to rigorous empirical refine-
ment. Doing so would considerably reduce the errors by at least an
order-of-magnitude or better, and this work will be undertaken in
the future before a new high-temperature line list is generated for
CaOH.

An overview of the spectrum of the A-X band system is shown
in Fig. 4, where we have simulated absolute absorption cross sec-
tions at a resolution of 1 cm™" using a Gaussian line profile with
a half width at half maximum (HWHM) of 1 cm™!. The strongest
rovibronic features occur around ~ 15 950 cm™', and this band still
dominates the CaOH spectrum at high temperatures (T = 3000 K),
which is significant for any future observation of this molecule in
exoplanetary atmospheres, particularly hot rocky planets. Absolute
absorption line intensities at T = 700 K have been plotted in Fig. 5
to illustrate the structure of this region. Since there is very little
intensity information available on the A-X band system, we have
been unable to properly compare this with any measured spec-
tra. However, the computed spectra in Fig. 5 do not exhibit the
typical band head structure associated with electronic spectra, and
we suspect this is due to the quality of the underlying ab initio
PES used in our calculations. Studies in the ExoMol group have
shown that rovibronic spectra can be very sensitive to the qual-
ity of the underlying PESs and that the “cliff-like” electronic band
heads usually emerge after empirical refinement of the excited state
PESs.”

In Fig. 6, the size of the Renner-Teller splitting AEgr for the
(0,1%,0) and (0,2%0) vibrational states is plotted up to J = 30.5.
Interestingly, in the (0, 11,0) state where the absolute value of the
vibrational angular momentum quantum number |I| = 1, the size of

00K

1071+ 3000K — 1
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10716 ‘ J
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10 20 | i
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FIG. 4. Absorption cross sections of CaOH at T = 500 and 3000 K, simulated at a
resolution of 1 cm~" and modeled with a Gaussian line profile with a half width at
half maximum (HWHM) of 1 cm~".
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FIG. 5. Absolute line intensities of the strongest A 2IT bands of CaOH at a temperature of T = 700 K.
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FIG. 6. Size of the Renner—Teller splitting AEgr with the total angular momentum quantum number J for the (0,1',0) (left panel) and (0,2°,0) (right panel) vibrational
states. Here, the label e/ f refers to the rotationless parity and F1/F; refers to the different spin components (see text).

the Renner-Teller splitting can be seen to change with J, increas-
ing between the e parity levels and decreasing for the f parity levels.
For the (0,2°,0) state where |I| = 0, the size of the Renner-Teller
splitting remains more or less constant with J.

IV. CONCLUSIONS

The A *TI-X 22* rovibronic spectrum of CaOH has been stud-
ied using a combination of ab initio theory and variational nuclear
motion calculations. This band system is of great interest to the exo-
planet community as the CaOH radical is expected to be present
in the atmospheres of hot rocky super-Earth exoplanets, but a lack
of spectroscopic data is hampering its detection. New PESs for the
X?=* and A *TI states have been produced along with A-X transi-
tion DMSs and A *IT spin-orbit coupling. The ground X *Z* state
PES, originally a high-level ab initio surface from Ref. 33, was
empirically refined to significantly improve its accuracy, reproduc-
ing all available observed rovibrational term values up to J = 15.5
with an rms error of 0.06 cm™'. For the excited A *IT state PESs,
only the zeroth-order parameters were empirically tuned along-
side the spin-orbit coupling curve. Computed A *IT term values
for the excited vibrational states displayed errors of 10-20 cm™

compared to empirically derived energies. Variational calculations
utilized the nuclear motion code EVEREST,’® which is able to treat
the Renner-Teller effect and accurately predict Renner-Teller split-
tings in the excited bending states of CaOH. Preliminary line list
calculations included transitions up to J = 125.5, and the resulting
spectra showed clear band structures with the strongest features
occurring around the ~ 15 950 cm™" region, which still dominates
the CaOH spectrum at high temperatures. In future work, we intend
to perform a full empirical refinement of the A *II state PESs, which
will considerably improve the accuracy of our spectroscopic model.
A comprehensive molecular line list of CaOH will then be generated
for inclusion in the ExoMol database.”’ >

SUPPLEMENTARY MATERIAL

See the supplementary material for the expansion parameters
and Fortran routines to construct the PESs, DMSs, and spin—orbit
coupling curve of CaOH.
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