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We report the first high-precision opacity calculations for osmium monoxide (OsO) over a wide temperature range
(300-5000 K). Using a high-level relativistic electronic structure method, we generated a comprehensive line list from
the 12 low-lying electronic states. The strong spin-orbit coupling effect in OsO leads to a near-degeneracy between the
ground X'Z* state and the first excited a’IT state. This results in a complex composite spectrum where triplet transitions
contribute predominantly in the near ultraviolet region. At high temperatures, the high-density quintet transitions blend
to form a distinctive quasi-continuous absorption background in the ultraviolet region. This study fills a critical gap for
heavy transition-metal oxides in spectroscopic databases, and is helpful for detecting and diagnosing r-process elements in
astronomical spectra. The datasets presented in this paper, including the complete line lists and absorption cross-sections for
OsO at temperatures from 300 K to 5000 K, are openly available at https://www.doi.org/10.57760/sciencedb.j00113.00282.
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1. Introduction

Radiative opacity plays a significant role in astro-
physics, which determines the stellar structure and chemical
evolution.!"?! For high temperature plasmas in the solar in-
terior, radiative opacity is predominantly caused by atomic
absorption.>* For relatively low temperature astronomical
objects such as brown dwarfs, M/L-type dwarfs, and hot ex-
oplanets, molecular absorptions are the most important contri-
butions to radiative opacity.!>®! Compared with atomic opac-
ity, molecular opacity is more complicated, which is composed
of rotation, vibration, and electronic transitions. Accurate de-
termination of molecular opacity is a challenge.

Radiative opacity of heavy metal oxides is essential for
simulating astronomical observations and understanding the
physical properties of stellar physics. The heavy elements are
predominantly synthesized via the rapid neutron-capture pro-
cess (r-process), which operates in extreme neutron-rich en-
vironments such as neutron-star mergers.!”! Infrared and op-
tical observations of r-process-enriched objects, e.g., metal-
poor stars and kilonova remnants, reveal absorption fea-
tures that likely contain contributions from heavy-element
molecules.!3?! Osmium (Os) is a key element located near
the third r-process peak; its abundance pattern provides strong
constraints on nucleosynthesis models. A precise interpreta-
tion of these observations in the r-process, and their transla-
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tion into quantitative constraints on nucleosynthesis physics,
urgently requires accurate radiative opacity of molecules.

There have been some molecular databases,[!0-151 pro-
viding extensive energy levels and radiative data for light
molecules. However, the electronic structures of OsO pose
formidable challenges for high-accuracy calculations. The Os
atom in OsO possesses an open 5d shell. For such heavy
elements, relativistic effects and spin—orbit coupling play a
significant role in determining the electronic structure.!!%]
The combination of these effects with the inherent degen-
eracy of d orbitals results in a dense manifold of low-
lying electronic states. Consequently, spectral data for OsO
molecules remain absent from major spectroscopic databases
(e.g., ExoMol,l!'-181 HITRAN,[1%20) and GEISA[>122]),

In this work, we systematically investigate the radiative
opacity of OsO across a broad temperature range of 300—
5000 K. The potential energy curves (PECs), energy levels,
transition and permanent dipole moments for the 12 low-lying
electronic states of OsO are obtained by using a high-level rel-
ativistic quantum chemical method, in which effects of spin-
orbit couplings and electronic angular momentum couplings
are considered. Beyond filling a critical gap in spectroscopic
databases, this study provides the foundational data required
for future spectroscopic diagnostics that may quantitatively re-
veal the physical and chemical conditions of r-process prod-
ucts in astronomical environments.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Data acquisition and processing methods

Under local thermodynamic equilibrium (LTE), the radia-
tive opacity (absorption cross-section) at wavenumber V is ex-

pressed as
o(V) =Y I(f <) f V), (1)
fi
where I(f < i) denotes the line intensity for a transition f < i,

and fV is the line profile taken as a Voigt one.[?3]

The line intensity for a given transition under LTE condi-
tions is calculated as

gE?tAfi e—Ei/T (1 _ efcszi/T)
o(T) ’

= g}S(ZJ r+1) is the total degeneracy of the upper
[24]

B 877:c\7j%i

I(f i) 2

where g?*
state, ¢ = hc/kg, and Q(T) is the partition function.
The Einstein spontaneous emission coefficient Ay; is ex-

pressed as

64 X 10736754 ~3 C’f,‘[f *C,i’ri
fi = (2J1+1)V Z Z( A ,n. ) l,',nl‘
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Here, [i, are the irreducible components of the electric dipole
moment, and C,{Z are the expansion coefficients of the rovi-
bronic wave functions, which are eigenfunctions of the to-
tal molecular Hamiltonian including the electronic, vibra-
tional, rotational, spin-orbit, spin-rotation, spin-spin, and A-

type doubling terms.[2>-27]

The rovibronic energy levels and wave functions used in
the above expressions were generated by solving the coupled-
channel Schrodinger equation for nuclear motion using a vari-
ational approach, taking into account the non-adiabatic cou-
plings among multiple electronic states. The molecular elec-
tronic structure data — PECs, spin—orbit couplings, elec-
tronic angular momentum couplings, and transition and per-
manent dipole moments for 12 electronic states of OsO —
were computed with high-level relativistic quantum chemical
methods. Specifically, we employed the exact two-component
(X2C) Hamiltonian!!'%28] combined with the ANO-R3 basis
set!??301 and the multi-reference MS-NEVPT2 method!®!! as
implemented in the BDF software package.*?! The details
of these electronic structure calculations are available in our
earlier work.!33! The PECs were computed over an internu-
clear distance range of approximately 1.5-2.2 A, which ad-
equately covers the Franck—Condon region relevant for the
bound-bound transitions considered in this work. At the tem-
peratures of interest (< 5000 K), the vibrational wavefunctions
of populated levels have negligible amplitude at larger inter-
nuclear distances, ensuring that the computed bound—bound
opacities are insensitive to the truncation of the PECs.

3. Data format and contents of the database

The complete dataset is organized into two primary file
types: state files and transition files, adhering to the standard

format widely used in molecular spectroscopy. 34!

Table 1. Excerpt from the OsO states file, using the format defined by Tennyson.[>*] The complete file is openly available in the Science

Data Bank (see Data availability statement).

n E 8tot J T Py Pe)f State v A z Q Source
1121.784856 1 0 9.4100E — 02 + e X!zt 1 0 0 0 Ca
2232.548158 1 0 4.7763E — 02 + e Xzt 2 0 0 0 Ca

10 3334.638434 1 0 3.2193E—-02 + e X'zt 3 0 0 0 Ca

13 4430.301549 1 0 2.4317E—-02 + e X!zt 4 0 0 0 Ca

16 5525.390677 1 0 1.9410E — 02 + e X!zt 5 0 0 0 Ca

Note: n: state index; E: energy (in cm™1); gt total degeneracy; J: total angular momentum; 7: lifetime (in s);

P+ total parity; p,: rotationless parity; state: electronic state; v: vibrational quantum number;

A: projection of L along internuclear axis; X: projection of S along internuclear axis;

£: projection of J along internuclear axis (£2 = A + X); Source: state source (Ma, EH or Ca).

Table 1 shows a sample of the state file. Each row corre-
sponds to a unique rovibronic state, identified by a sequential
index n. For each state, we provide its energy term value E (in
cm’l), total degeneracy g, total angular momentum J, life-
time 7, and the associated quantum numbers including parity,
electronic state, vibrational quantum number, and the projec-
tions A, X, and . The final column indicates the source of
the state (e.g., calculated in this work, ‘Ca’).

Table 2 presents a sample of the transition file. Each row
represents an electric dipole allowed transition between an ini-

tial state 7 and a final state f (referencing the indices n from the
state file), accompanied by the Einstein A coefficient for spon-
taneous emission.

Table 2. Excerpt from the OsO trans file, using the format defined by

Tennyson, Hill.[®* The complete file is openly available in the Science
Data Bank (see Data availability statement).

f i Ap(s™H
1094 1 2.1037E+03
1053 7 1.7698E + 03
1389 16 1.4141E+03
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4. Results and discussion

The rovibronic spectrum of OsO is characterized by its
rich manifold of low-lying electronic states. In this work,
we have computed 12 A-S states encompassing singlets,
triplets, and quintets, namely, X'XF ([1]'Z%), AZ* ([2]'ZF),
BIE* (3'TH), 2’1 (1PID), bII (2PID), I (31D,
d3TI ([4]°T0), ASTI ([1]°T0), B3I ([2]°T1), C°TI ([31°IT), ASA
([17°A), and B3A ([2]°A). The adiabatic excitation energies
and potential energy curves of these states are presented in

Figs. 1 and 2, respectively.

A—S states energy level diagram

3.5 .
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Fig. 1. Adiabatic excitation energies of the 12 low-lying OsO electronic
states.

This dense and multiplicity-diverse low-energy electronic
structure presages an extremely complex band system for
0s0. It is particularly noteworthy that the a>IT state lies excep-
tionally low in energy, being nearly degenerate with the X' X+
state (see Fig. 1). Previous studies (see, e.g., Ref. [33]) have
shown that, when spin—orbit coupling is taken into account,
the a’IT state effectively assumes the primary character of the
ground state, contributing approximately 83% of its wavefunc-
tion composition. Consequently, even at low temperature, the
a’I1 state possesses a significant population. To further appre-
ciate the role of spin—orbit coupling, it is instructive to con-
trast the present (2-state spectrum with a hypothetical scalar-
relativistic (A—S) spectrum. Without SOC, the ground state
would be the closed-shell XXt state, and transitions from
the low-lying a’IT state would appear only as hot bands. The
strong SOC in OsO not only inverts the energetic ordering but
also heavily mixes the singlet and triplet manifolds. As a re-
sult, the {1}2 ground £ state possesses ~ 83% a>II character,
activating a dense network of triplet-dominated transitions that
would otherwise be weak or absent. This mixing, combined
with the SOC splitting of the quintet states, is directly respon-
sible for the complex temperature-dependent opacity revealed
in Figs. 3 and 4. According to Boltzmann statistics, across a
wide temperature range, the molecular population will be pre-
dominantly distributed between these two lowest-lying states,

a’IT and X'I*. Therefore, transitions originating from these
two states collectively weave the intricate spectral tapestry of
0s0. The allowed transitions from these low-lying reservoirs
are expected to produce prominent absorption features span-
ning from the visible to the near-infrared region.

30000
20000 A
= ‘
: \
.
>
1%
g
=)
<)
10000 A
(e °T1 (XB)
~on A (X2)
—— 31 (x4)
—— 19+ (x3)
0 -

1.5 16 1.7 1.8 19 2.0
ROst (A)

Fig. 2. Potential energy curves of the 12 low-lying OsO electronic states.

In Fig. 3, the total OsO absorption cross section at 2000 K
is decomposed into its primary contributing electronic tran-
sitions across the calculated spectral range (0—40000 cm™1).
The spectrum reveals a high degree of complexity, with signif-
icant opacity contributions spanning from the infrared to the
far-ultraviolet, a direct consequence of the dense, low-lying
electronic manifold encompassing singlet, triplet, and quintet
states.

The absorption features can be delineated into distinct
spectral regions based on the dominant transitions. In the far-
infrared to mid-infrared region of 0-4200 cm™! (Fig. 3(a)),
the opacity is primarily due to vibration-rotation transitions
from the ground and low-lying electronic states, namely,
X!3*, %M1, and ASA. From the inspection of Fig. 3(b), be-
tween 4200 cm~! and 10000 cm™!, the absorption is gov-
erned by transitions from the first excited a>IT state to the b IT
state (a’T1 — b’I1, the green line). The visible region from
10000 cm~! to 17000 cm™! is dominated by the strong, dis-
crete band of the X'+t — AL+ transition. Extending into
the near-ultraviolet, from 17000 cm~! to 30000 cm’l, a se-
ries of broader features arise primarily from the a’IT — d°IT
transitions. The concurrent strength of both singlet and triplet
transitions in the visible to near-UV underscores the critical

089701-3
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spectroscopic role of the quasi-degenerate a’IT state, consis-
tent with its predicted dominant ground-state character when
spin—orbit coupling is considered.

At higher energies (> 30000 cm™!) in Fig. 3(b), the
absorption profile transitions into a strong, quasi-continuous
background. This UV opacity is overwhelmingly dominated
by transitions within the quintet manifold. A particularly
broad and pronounced feature in this region arises from the
A>A — B’ A transition. The high density of quintet states, cou-
pled with their non-negligible thermal population at 2000 K,
results in a multitude of overlapping transitions that collec-
tively smear into a continuum, defining the long-wavenumber
opacity of OsO at high temperature.

Unlike in molecules of lighter elements such as ZrQ,[12]

where the visible spectra are predominantly contributed by
transitions between singlet states (e.g., X'zt — B, the
high-temperature opacity of OsO is much more complicated,
which is a composite of three distinct spin manifolds. It arises
from the concurrent intensity of singlet transitions (X't —
A'X"), the high density of triplet transitions originating from
the low-lying a>II reservoir, and — most distinctively — the
continuum-forming effect due to overlapping high-spin quin-
tet transitions. This quintet-driven UV continuum represents a
unique spectral signature of OsO among early transition-metal

diatomics.

Wavelength (nm)
1600 1200 1000 800 600

400

Cross-sections (cm?/molecule)

f /\MM\AM An ol .IIE AIMIJA ho 1 A A i A
M
IM‘J w&l”‘]"l'lfﬂmJmlmil I .W‘n T ﬂl.”‘““ AR
10 20 30 40
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Fig. 3. Absorption cross sections of OsO at a temperature of 2000 K. In panel (a), contributions in 100-4000 cm™

! are presented which are

predominantly caused by vibration-rotation transitions within individual electronic states. In panel (b), contributions from electronic (vibronic)
transitions between different electronic states are shown. The total OsO absorption cross sections are represented by black-solid lines in panel (a).

All rotational levels with J < 100 are included.

Figure 4 presents the absorption cross section across
300 K, 1000 K, 2000 K, 3000 K, and 5000 K. The spectrum
exhibits a pronounced thermal response, with distinct behav-
iors observed in different spectral regions that reflect the pop-
ulation distribution among electronic and rovibrational states.

At the lowest temperature of 300 K, the population is

heavily concentrated in the ground state, leading to an absorp-
tion spectrum dominated by transitions originating from the
X!T+ and a1 states, i.e., X! Xt — X!'T in 1000-5000 cm ™!,
X!yt — AYT in 5000-15000 cm™!, and a3IT — d3I1 in the
region above 15000 cm~!. As the temperature increases to

1000 K and subsequently to 2000 K, a significant enhance-
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ment in absorption intensity is observed across the low- to
mid-infrared region (100-20000 cm~!). This enhancement is
attributed to the increased thermal population of excited elec-
tronic and rovibrational levels, which activates a multitude of
additional transition pathways. These newly accessible transi-
tions effectively fill in the spectral gaps present at 300 K, while
simultaneous line broadening effects cause the discrete rovi-
brational structures to merge into broader spectral features.
Wavelength (nm)
1600 12001000 800 600 400
~ME ¥ W Tire.
“ —3000 K ” [} ’
5000 K w ' ‘
,/ )

! —2000 K

-
(=]
|
0
5]

-
(=]
|

w0

B

Cross-sections (cm?/molecule)
=
=)
&

-l NW

Fig. 4. The total OsO absorption cross sections at several temperatures.

|||I l =

Wavelength (10 cm™!)

The most dramatic change occurs between 300 K and
2000 K. At 2000 K, the absorption in the 100-20000 cm™!
range increases by several orders of magnitude and devel-
ops a quasi-continuous envelope, a consequence of the su-
perposition of numerous broadened lines from densely pop-
This trend continues at 3000 K and
5000 K, where the absorption envelope further intensifies

ulated excited states.

and smooths. In contrast, the high-energy ultraviolet region
(20000-40000 cm~!) exhibits a comparatively subdued re-
sponse to temperature increase. In this region, the spectra
are greatly broadened at high temperatures and form a strong
quasi-continuous background. Our calculation of the poten-
tial energy curves for all 12 electronic states provides an in-
dispensable foundation for accurately simulating the complete
spectral characteristics — from a structured spectrum dictated
mainly by low-lying state populations at lower temperatures to
a continuous absorption dominated by highly excited states at
high temperatures.

5. Conclusion

In conclusion, we have conducted the first comprehen-
sive theoretical investigation of the opacity of OsO over the
astrophysically crucial 300-5000 K range. The primary out-
come of this work is the creation of a high-quality, reusable
dataset, which includes complete line lists and absorption
cross-sections for OsO. By combining high-accuracy relativis-
tic electronic structure theory, we have computed a complete
line list and the associated absorption cross-sections. Our
analysis of this dataset reveals that the opacity of OsO is fun-

damentally shaped by its dense manifold of low-lying elec-
tronic states. A key feature is the near-degeneracy of the
X!2* and a’IT states, which leads to significant populations
in both states even at moderate temperatures. Consequently,
at 2000 K, the absorption spectrum emerges as a composite
from three distinct spin manifolds: it is characterized by strong
singlet transitions (notably X'Z+ — A!LT), numerous triplet
transitions originating from the a*II reservoir, and a distinctive
UV continuum formed by the overlap of quintet-state transi-
tions. The radiative opacities at temperatures of 300-5000 K
are demonstrated. This dataset fills a critical gap in spectro-
scopic databases by providing the first high-temperature opac-
ity data for OsO. The generated line list and cross-sections es-
tablish a foundation for interpreting potential OsO signatures
in astrophysical spectra, particularly in r-process enriched en-
vironments such as kilonovae and metal-poor stars. These data
will facilitate future spectroscopic searches for heavy-element
molecules and help constrain nucleosynthetic conditions in ex-
treme astrophysical events. We anticipate that this resource
will be of significant value to the astrophysics and molecular
physics communities. We also plan to continuously expand the
dataset by including other molecules relevant to astrophysical
atmospheres in the future.
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