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Highlights

e A MARVEL analysis of 6 quartet and 7 doublet states of VO yields 4641
empirical energy levels

e A separate analysis of hyperfine-resolved transtions gives 4393 levels with
hyperfine structure

e 191 lines are assigned the 2 - X intercombination band system
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Abstract

A MARVEL (measured active rotational-vibrational energy levels) analysis of the spectra of vanadium oxide (VO) is performed,
involving thirteen electronic states (6 quartets and 7 doublets). >'V!60 data from 14 sources are used to form three networks:
hyperfine-resolved quartets, hyperfine-unresolved quartets and hyperfine-unresolved doublets. A single quartet network is formed
by deperturbing the hyperfine lines and 191 lines are assigned to an intercombination 2 2IT-X *X~ band system in the visible region
previously recorded by Hopkins et al. (J. Chem. Phys. 130 (2009) 144308), allowing the doublet and quartet networks to be
merged. As a result 6 603/4 402 validated transitions/final energies were obtained from analysis of the hyperfine-resolved network
and 9087/4 712 from the unresolved. 7, energy values and other molecular constants are determined for all doublet states within

the networks.

Keywords: molecular data — opacity — planets and satellites: atmospheres — stars: atmospheres — ISM: molecules.

1. Introduction

The spectrum of Vanadium oxide (VO) is of astrophysical
significance in several areas, such as in late M [1-11] and early
L [12, 13] dwarfs and subdwarfs where it is known to be a
significant opacity source and characterises their spectra with
strong absorption features. The same features have been ob-
served in late-type Mira variables [14-16] and arise primarily
from vibronic transitions in the A *TI-X 42, B *TI-X *X~ and
C #%~—X *X~ bands [8]. The C*L~—X *X~ absorption band has
also been observed in the nova of V838 Mon [17] and a B *TI—
X #2~ emission band was observed in the nova-like eruption of
V4332 Sgr [18].

It is thought that VO also plays an important role in de-
termining the structure of and driving temperature inversion
in the atmospheres of hot Jupiter exoplanets [19-23]. Studies
have looked to confirm these effects in the hot Jupiters WASP-
121b [24-27] and HD 209458b but evidence has been tentative
[20, 28, 29].

The ExoMol group provided a high temperature rovibronic
line list for VO, dubbed VOMYT after the species and three
author’s initials [30]. The line list was generated using potential
energy curves and couplings based on initial ab initio electronic
structure calculations which were then tuned using experimental
data; the program puo [31] was used to solve the variational nu-
clear motion problem. VOMYT considers transitions between
the 13 lowest electronic states of VO which are a mixture of the
doublet and quartet spin states. VO is a challenging system to
treat using ab initio methods [32] and consequently VOMYT
is not accurate enough for high-resolution astronomical studies
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[33]: one aim of the present work is to provide a better dataset
for such studies.

One issue we address directly in this paper is the separation
between the doublet and quartet states. Hopkins et al. [34]
recorded an intercombination 2 2IT-X *X~ band spectrum for
VO. We present here a series of new assignments to spectra of
the 2 2I1-X *%~ bands originally published by Hopkins et al.
which allow us to connect doublet and quartet states in a single
spectroscopic network.

Another issue is the treatment of hyperfine effects. Consid-
ering 31V1%0: while '°O has zero nuclear spin 3!V has I = 2
leading to large hyperfine splittings. The hyperfine splitting of
VO electronic spectra has been known to significantly contribute
to the appearance of its spectra for some time [35] with hyperfine
structures that can spread a transition over more than 1 cm™.
These splittings are largest in the X £~ ground state which
result in substantially blended spectra for any bands involving
this state when observed below hyperfine resolution [36]. This
means that it is not possible to consider a high-resolution spec-
trum of VO without at least for some parts of it accounting for
hyperfine effects. In this work we present networks of both
hyperfine-resolved and hyperfine-unresolved transitions.

Fig. 1 details the known and predicted low-lying electronic
states of VO, showing those considered explicitly in this study.
One further issue is that the density of these states leads to
many local perturbations due to interactions between various
electronic states and interactions between the hyperfine states
of different fine structure components. While we do not attempt
an exhaustive analysis of these various perturbations, they are
noted and catalogued.

The paper is organized as follows. Section 2 briefly presents
the MARVEL (measured active rotational-vibrational energy lev-
els) and our hyperfine deperturbation procedure. Section 3
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Fig. 1: The electronic states of VO by electronic configuration: solid black
horizontal lines represent states that have been observed, while those that are
dotted are predicted by electronic structure calculations. Electronic states con-
tained within the new MARVEL networks presented here are given in blue, while
those not in the network are in red. Solid green lines represent transitions be-
tween states that are included within our networks, while dashed purple lines
are transitions that have not been included as they are yet to be fully assigned.

describes the transition data used including the new spectral
assignments. Section 4 presents our MARVEL results for both
hyperfine-resolved and hyperfine-unresolved networks. Section
5 gives our conclusion and discusses anticipated further work.

2. Method

2.1. MARVEL overview

The MARVEL procedure [37] allows for the inversion of het-
erogeneous datasets of transitions from high-resolution spectro-
scopic experiments to give empirical energy levels with asso-
ciated uncertainties [37-39]. MARVEL constructs spectroscopic
networks consisting of energy levels as nodes and transitions as
edges [40]. These networks are constructed from an input list
of assigned transitions that connect an upper and lower energy
level.

As the MARVEL procedure determines empirical energies for
the levels connected by observed transitions, it also enables the
determination of energy differences between levels that have
no observed transitions between them [41]. Hence it allows
us to calculate the transition frequency for any possible transi-
tion between any levels contained within the MARVEL network.
For example, applying this technique to formaldehyde allowed
for the determination of 367779 transition frequencies from
the empirical energy levels derived from 16403 observational
transitions [42]. Additionally, provided the experimental un-
certainties in the transition data are set appropriately, the use
of MARVEL avoids having to treat effects such as perturbations
or resonances separately, i.e.: with effective Hamiltonians. Put
simply the MARVEL procedure does not require any underlying
spectroscopic model for the system as MARVEL treats each level

as a node within the network, rather than addressing the physics
implied by the quantum numbers assigned to it. Given the
large number of perturbations known to occur in the spectra of
VO, this approach avoids a considerable number of additional
calculations.

Each transition comprises of a transition frequency (incm™")
with accompanying uncertainty, an associated tag to identify
the transition and a full set of upper and lower state quantum
numbers. The set of quantum numbers chosen to identify a
given state is configurable but must be uniform throughout the
whole network. In this work, each state was labelled by its
electronic state term symbol, a fine structure configuration (Fi,
F>, Fz or Fy), the projection of the total electronic angular
momentum €, total parity (+/-), vibrational quantum number
v and total angular momentum quantum number J. Observed
VO transitions involve states best described by Hund’s case (b)
couplings in the observed A = 0, *Z~ and 2X* states, including
the ground state, or by case (a) coupling otherwise. Even where
case (b) is used however, there are instances at low J where this
breaks down and is better described by case (a) [43]. Because
of this, both Q and fine structure are provided even though they
are in mMost cases Synonymous.

Hyperfine-resolved transitions are also identified by the ad-
ditional quantum number F, the result of the coupling of J
and the nuclear spin /. As MARVEL requires all states to have
the same set of quantum number labels, these F' values must
be removed or these transitions separated into another network.
Noting that there are no assigned intercombination bands in the
literature and none of the doublet state transitions have been
observed hyperfine-resolved, we initially constructed three net-
works. Network 1 comprised all hyperfine-resolved quartet tran-
sitions; network 2 contained hyperfine-unresolved quartets and
network 3 contained the (hyperfine-unresolved) doublet transi-
tions. The rest of this section describes our approach for de-
perturbing the hyperfine-resolved transitions allowing a single
quartet network to be built. Section 3.2 discusses our assign-
ments of the 2 2[1-X X~ band system spectra which allowed
us to create a single, unified network of hyperfine-unresolved
transitions. At the same time we also use our hyperfine-resolved
quartet transitions to give hyperfine-resolved empirical energy
levels.

2.2. Hyperfine deperturbation

We considered using effective Hamiltonian calculations to
determine additional hyperfine-unresolved transition frequen-
cies by using molecular constants from fits to hyperfine-resolved
data. This would allow us to expand the coverage of our
hyperfine-unresolved MARVEL network to regimes only con-
nected to via hyperfine-resolved transitions. Moreover, the high
accuracy of the hyperfine transition measurements should al-
low for high-accuracy constants to be determined and hence
high-accuracy transitions frequencies to be determined. How-
ever, setting the hyperfine constants to zero in order to calculate
hyperfine-unresolved transition frequencies does not necessar-
ily produce accurate results. To test the effectiveness of this
method, we used constants from fits to hyperfine-resolved data
for the X S~ [44], B 1 [45] and C #Z™ [43] states to calculate
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transition frequencies for comparison. Using the program pGo-
PHER [40] to carry out the effective Hamiltonian calculations,
we generated a set of transition frequencies for every possible
AJ = =£1,0 transition up to J* = 99.5 in the B =X 43~
(0,0) and C *X~—X *X~ (0,0) bands. These calculated frequen-
cies were checked against their published hyperfine-unresolved
counterparts [45, 47] for consistency. Out of the 896 observed
transitions in these bands, only 97 had their frequencies accu-
rately recreated by the effective Hamiltonian calculations. We
note that the hyperfine constants are not uncorrelated with the
other effective Hamiltonian constants used in the fit and there-
fore removing hyperfine parameters will not generally lead to
same result as fitting without them. Hence, this approach was
deemed inadequate for our high-resolution study and an alterna-
tive method of deperturbing the hyperfine-resolved transitions
was adopted.

In this work, we refined deperturbation techniques that had

been previously implemented elsewhere for incorporating hyperfine-

resolved data into hyperfine-unresolved MARVEL networks to
supplement their energy level coverage [48, 49]. When deper-
turbing hyperfine components into a single transition, hyperfine
transitions are only combined with others from the same data
source. This is to ensure that any systematic effects that might
be present in the data of a given source do not pollute the data of
other sources. It is left to the MARVEL procedure to subsequently
evaluate the validity of multiple sources of data in combination.

To carry out the deperturbation, a weighted mean transition
frequency is determined. This is done to simulate how these hy-
perfine transitions would combine into a single spectral feature
at a lower resolution and as such are weighted by their intensi-
ties. As no transition intensities are measured however, relative
values are calculated using a method previously applied by Fast
and Meek [50] to hyperfine transitions of SH and similarly to
update the ExoMol line list for AlO [51]:

FF” 1 2

I(F',F",J",J,I) < QF'+1)(2F" +1) {J” 7 I} . (D
This form is derived from the square of the reduced matrix ele-
ment of the electric dipole moment and can be readily found in
the literature [52-55]. This expression relies on there being no
additional coupling between angular momenta and hence cannot
be used for transitions with |AJ| > 1, such as O- or S-branch
transitions, which would violate the triangle condition on the
(J”,J’, 1) triad in the above 6j-symbol. All other terms that do
not depend on F’ or F” will be equal for all hyperfine compo-
nents of a given transition and as such can be disregarded when
comparing their relative intensities. We note that including O-
and S-branch transitions when deperturbing would not have led
to the characterization of any extra energy levels.

2.3. Deperturbation uncertainty scaling

We provide uncertainty estimates for our deperturbed tran-
sitions that are the product of a base uncertainty and three scale
factors. The base uncertainty is the standard error propagation
of the weighted mean of the uncertainties of the deperturbed hy-
perfine transitions. Each transition has a normalised weight w;

defined as the respective transition’s relative intensity, calculated
using Eq. (1), as a fraction of the total intensity of all hyperfine
components being deperturbed. Given a set of hyperfine transi-
tions with individual transition wavenumber uncertainties Ad;,
the intensity weighted mean uncertainty is defined by:

1
n 2
Ay = (Z w?Aﬁf) : )
i=1

The first scale factor considers the completeness of the subset
of hyperfine transitions present in our data. To assess this, we
first determine what constitutes the full set of possible hyperfine
transitions that we can expect to be observed between the upper
and lower states. Though F obeys the selectionrule AF = +1,0,
not all of these AF components will be observed due to the
propensity rule which suggests that AF = AJ transitions are
strongly favoured. There are of course exceptions to this rule and
most hyperfine-resolved sources report a considerable number
of AF # AJ transitions at low J values [43-45, 56]. For each set
of hyperfine transitions that we deperturb we assess the set of AF
values that are present, AFyes, and can hence determine the total
possible number of hyperfine transitions with the corresponding
AF values.. We chose to determine this for each transition
individually to avoid attempting to define a cut-off value for
J above which we no longer consider AF' # AJ transitions as
this did not appear to be consistent between different sources,
varying dependent on their ability to resolve low-intensity lines.

Considering a transition between two levels with total angu-
lar momentum quantum Jax and Jmin (Jmax = Jmin): the num-
ber of possible hyperfine components of the transition, npess, is
limited by Jnin. The possible number of hyperfine configura-
tions, i.e., the possible values of F are given by the relationship
F = J + 1, such that the number of possible hyperfine configu-
rations for a given levelis np (J) = J+ = |J =1+ 1. If J > 1
this simplifies to the expected 2/ + 1. When J < I however, this
value is reduced by 2 for each integer decrease in J below the
value of /. We calculate 7,055 given the values of AF in the set
AFj0ss with the following relationship:

Z g (Jmin) »

AFposs

D7 (1wt (Jnin) = 1T = AF),

AFposs

if Jmin < Jmax < 1

3)

Nposs = .
otherwise.

An additional case exists in Eq. (3), when Jyin < I < Jmax-
Given both [ and J are half-integer for VO however, Jpi, and
Jmax must differ by more than 1 to satisfy this condition. This
can occur for O- and S-branch transitions, but these are excluded
from our deperturbation process due to the |[AJ| < 1 condition
implied by Eq. (1).

Once np0ss has been calculated, it is compared against the
real number of hyperfine transitions present within our data set
that are to be deperturbed into a single transition, npres. These
are combined into the uncertainty scale factor Adyes with a
constant @ = 4 such that there is a 5-fold increase to the base
uncertainty when only one hyperfine transition is present. There
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is no uncertainty increase from this factor when all possible
hyperfine transitions are present (Adpres = 1):

Nposs — Npres

“

Abpres = 1 +a X
Nposs — 1

The term Adjes provides the smallest uncertainty increase of the
scale factors we consider here.

The second uncertainty scale factor we employ accounts for
the distribution of the subset of hyperfine transitions present in
our data, whereby we look to see if the values of F are evenly
distributed about J or skewed to one side. To calculate this,
we again consider the set of possible hyperfine transitions that
we expect to observe between the given upper and lower energy
levels, accounting for the present values of AF,.s. For each
transition, we take the mean value of the hyperfine quantum
number in the upper and lower state to give us a "centre’ value,
F.. Itis important to consider that this F; term is not a quantum
number for either upper or lower level but rather a metric for
measuring the relative positions of hyperfine transitions. We
then take the mean of this centre for all possible transitions,
fc,poss. The same calculation is also performed for the subset
of hyperfine transitions present in our data and we take the
magnitude of the difference between these two values as the
measure of the distribution of our hyperfine transitions:

Abgise = 1+ b x |Fc,poss - fc,presl- ()

The maximum value of the difference between the two F.. terms
is I, occurring when only one hyperfine transition is present
that has either F' = J + I in both upper and lower energy levels.
Given this fact, the value of b was set to 4 such that this term
produces the largest scaling of uncertainty when the distribution
of transitions is most uneven.

The derived scaling terms from Eq. (4) and Eq. (5) are
combined with the initial propagated uncertainty and a final
scale factor ¢ to determine the final deperturbed uncertainty,
Aﬁdpt:

Abgpt = ¢ X Alijwm X Alpres X Agist. (6)

The scale factor ¢ was set to 15 based on direct comparisons
between the final energy of the deperturbed hyperfine transitions
and equivalently assigned, hyperfine-unresolved transitions also
considered in this work. This value was chosen such that at least
one standard deviation of matching, equivalent transitions were
consistent in their energies. In total, 269 matching transitions
were found between the deperturbed hyperfine and hyperfine-
unresolved data; 173 B *II-X X~ [45] and 96 C 4~ -X 4%~
[47] transitions. This process is illustrated in Fig. 2.

3. Experimental data sources

The electronic structure of VO has been discussed at great
length in the literature over the years [36, 57-75]. This sub-
stantial coverage ensured any outdated transition assignments
relating to fine structure or electronic state designation present
in older sources could easily be updated and relabelled using our
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Fig. 2: Comparisons between the deperturbed hyperfine line centres calcu-
lated using the relative intensity weighted mean and the observed hyperfine-
unresolved line centres for three B 4II-X #X~ (0,0) transitions within our data
set. The constituent hyperfine transitions that were used to calculate the deper-
turbed line centres are overlaid, labelled with their F” and F” values. Top panel:
example involving observed hyperfine transitions with multiple AF values; the
transitions with AF" # AJ are predicted to be much weaker. Middle: case where
full set of AF = AJ hyperfine transitions are available, resulting in very close
deperturbed and hyperfine-unresolved line centres. Bottom: case with skewed
distribution of hyperfine transitions, resulting in a deperturbed line centre that
is not very consistent with the observed hyperfine-unresolved equivalent. The
uncertainties in the individual hyperfine transitions are all 0.005 cm~! which is
too small to be seen on the scale of the bottom panel.
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specified quantum numbers. Some sources that were considered
when collecting data to build our spectroscopic networks were
ultimately not included, either because their reported transitions
did not include complete assignments or because their transi-
tions were only reported qualitatively and without individual
transitions wavenumbers [76-80]. Others exclusively report
measurements of perturbed transitions where the perturbing
state has not been identified [81]. Multiple data sources re-
port transitions affected by the internal hyperfine perturbations
arising from a crossing between the F, and Fj3 fine structure
components discovered by Richards & Barrow [78]. With ex-
perimental data that is hyperfine resolved it is possible to fully
assign such perturbations, but there are instances of Doppler-
limited observations where these internal hyperfine perturba-
tions have been observed [45, 82]. We differentiate internal
hyperfine and unconfirmed electronic state perturbations in the
MARVEL input file by appending °_PH’ and ’_PE’ respectively
to the end of the electronic state label.

3.1. marveLised data sources

The following 14 data sources provide data that are included
in the new spectroscopic networks described by this paper:

57LaSe: Lagerqvist and Selin [47] report 1 168 measured
R- and P-branch C 4X"—X *I~ transitions, 28 of which are
perturbed by an unconfirmed electronic state. These branches
are provided with the subscripts ’a’ and ’b’ in place of fine
structure notation as this was not explicitly determined in their
original work. We confirmed that these subscripts corresponded
to the F3 and F> fine structure components respectively through
the analysis of combination differences and by checking their
consistency with the rest of the MARVEL network.

81HoMeMi: Hocking et al. [83] provide 48 hyperfine-
resolved C XX 4T~ transition measurements.

82ChHaMe: Cheung et al. [43] provide measurements for
2 834 hyperfine-resolved C *™—X 4L transitions, 17 of which
are perturbed by an unconfirmed electronic state. Their obser-
vations included a number of internal hyperfine perturbations
which they were able to fully assign.

82ChTaMe: Cheung et al. [82] report 1058 A =X 4z~
transition measurements, 7 of which exhibit internal hyperfine
perturbations.

87MeHuChTa: Merer et al. [84] provide 1289 measure-
ments for transitions involving quartet states, split between the
D *A-A’ 4O (980 transitions, 2 of which are perturbed) and
D “A-A *IT (309) bands. They also give measurements for
1139 doublet transitions split between the 1 2IT-1 2A (885),
2 21-1 2A (81) and 2 2A-1 2@ (173) bands. Of these, 744
quartet and 411 doublet transitions are reported with unresolved
A-doubling and hence had no parity assignment. Such transi-
tions were entered into the MARVEL input file twice with both
applicable upper and lower state total parity (+/-) combinations.

91SuFrLoGi: Suenram et al. [56] report three very high ac-
curacy measurements of hyperfine transitions within the X 4~
ground state.

94ChHaHuHu: Cheung et al. [85] provide measurements
for 471 B “TI-X X~ transitions, 7 of which are perturbed by the
123+, v = 3 state.

95AdBaBeBo: Adam et al. [45] provide two sets of data:
3 534 hyperfine-resolved and 776 hyperfine-unresolved B “T1—
X %X~ transitions. 14 of the hyperfine-resolved and 8 of the
hyperfine-unresolved transitions are perturbed by the 1 22+, v =
2 state, in addition to 22 further hyperfine-unresolved transitions
perturbed by an unknown state.

97KaLiLuSa: Karlsson et al.
A *I1-X *X~ transitions.

02RaBeDaMe: Ram et al. [87] provide 218 measurements
of transitions in the 1 2®-1 2A band with no observed A-
doubling and hence no parity assignment. As with the data
from 87MeHuChTa [84], these transitions were each entered
twice with both applicable upper and lower state parity combi-
nations.

05RaBe: Ram and Bernath [88] report 166 transitions in
the 3 2A—1 2A band with no observed A-doubling. Again, each
transition was input twice with both applicable upper and lower
state parity combinations.

08F1Zi: Flory and Ziurys [44] report 224 ground state, pure
rotation X *27=X 4%~ hyperfine transitions. They observed the
effects of the same internal hyperfine perturbation described by
other sources but were able to fully assign the affected tran-
sitions. Four of these very high-accuracy transitions were in-
consistent with hyperfine transitions from 82ChHaMe [43] and
95AdBaBeBo [45]. Through comparisons with current hyper-
fine calculations [89] we determined that it was the four transi-
tions from this source that were incorrect and had likely been
misassigned.

08SrBaRaBa: Sriramachandran et al. [90] provide mea-
surements for 68 C X=X X~ transitions observed in sunspot
spectra. These measurements are assigned based on the data of
Lagerqvist and Selin [47], and as such also reported R- and P-
branch transitions with ’a’ and ’b’ subscripts; their assignments
were also updated to F3 and F; fine structure components, re-
spectively. 11 of these transitions, all in the (0,2) band, were
been reported with the incorrect R-/P-branch labelling which
was corrected.

09HoHaMa: Hopkins er al. [34] observed crucial spin-
forbidden intercombination transitions in the 2 2IT-X *Z~ band
system that connect the quartet components of our network to the
doublets via the transitions involving the 2 21T state reported by
87MeHuChTa [84]. The original spectra recorded by Hopkins et
al. [34] was revisited and assigned as part of this work to ensure
the key connection between spin components of the VO network
was correct; this assignment process is discussed in detail below.
Assignments for transitions involving the 2 213 /2, v = 0 state
could be validated against the doublet data of 87MeHuChTa
[84], whereas the 2 2T, /2 bands had no other observations to
compare against. This meant that while combination differences
could be checked for the level energies of the 2 2[4 /2 State
between sources, the 2 211, /2 state component could only be
ensured to be self-consistent. In total, 191 transitions were
assigned in these spectra. An unassigned 3 2IT-X “Z~ band
system is also reported, though we make no attempt to assign
these spectra as they do not connect to the rest of the doublet
network.

As the doublet and quartet networks were only initially con-

[86] report 47 measured
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nected through one spin-orbit component of the 2 21T state, half
of the doublet network was still unconnected. This was be-
cause all of the sources reporting doublet transitions exclusively
observed P- and R-branch transitions, which for 87MeHuChTa
[84] and 02RaBeDaMe [87] had AQ = +1 and for 05RaBe [88]
AQ = 0. This meant the 1 %Az, 1 2 0, 1 2®s5)5, 2 2Az)0
and 3 2A; /2 states were not connected to the quartet states via
the newly assigned intercombination transitions observed by
09HoHaMa [34] and were split into two subgraphs based on
their parity. We rectified this through the addition of calcu-
lated transition wavenumbers for both Q;; (5.5) transitions in
the 1 2A—1 A (0,0) band. These were derived from levels in the
VOMYT line list, effectively estimating the spin-orbit splitting
in the 1 %A state which has not yet been observationally deter-
mined [87, 88]. These were entered as 356.596842 cm™' for
the Q215 (5.5) transition and 356.596837 cm™! for Qaife (5.5).
Both transitions are provided in the MARVEL input file with the
source tag VOMYT_MAGIC. The 1 2A state was chosen as it
is both the lowest energy doublet state observed and the state
involved in the most transitions within the doublet network. The
value of J = 5.5 was chosen as it was the lowest value of J for
which both total parity (+/-) levels in each spin-orbit compo-
nent existed within the doublet data. This connection represents
a weak point in the network and would benefit from observa-
tions involving the newly assigned 2 2I1, /2 state, such as the
unobserved 2 2H1/2—1 2A3/2 band.

The perturbing state identified by 94ChHaHuHu [85] and
95AdBaBeBo [45] was originally reported as a 2Z* but has
been updated here to 1 2Z*. This is to be consistent with the
naming scheme for the other doublet electronic states, where
each instance of the same electronic state configuration is num-
bered starting from the lowest energy.

3.2. New spectra assignment

Assignments of the spectra reported by 09HoHaMa [34]
were carried out by first performing rough calculations to pro-
vide an initial estimate for the transitions frequencies. These
estimates were produced for every expected set of P-, Q- and
R-branch transitions in the observed bands and were generated
using molecular constants published by 099HoHaMa [34]. These
predictions were calculated using Eqs. (1) and (2) of 09Ho-
HaMa [34], and were only dependent on the rotational constant
B,, the centrifugal distortion constant D,, the spin-orbit cou-
pling constant A, and the Q-doubling constant p, and as such
minor deviations from the predicted values were to be expected.

When assigning transitions in the 2 211, 2—X 437 (0,0) band,
we were able to make assignments to at least one transition in
11 out of the 12 possible P-, Q- and R-branches. We were only
unable to assign any transitions to the Py, branch, due to our
predictions showing the band to start around 18048 cm™! and
reflect back on itself at a band head at 18 050 cm™!. Similarly,
our predictions show the Qj, branch forming a band head at
around 18046 cm™!. In this case the branch reflects back on
itself twice, explaining the extremely blended, high intensity
feature observed on the lower energy side of the band origin. As
such we were only able to confidently assign the first transition
in this branch. These features can be seen in Fig. 3, along

with the rest of our final assignments to the 2 1 2—X 4y~
(0,0) spectrum. With some coverage of almost all branches,
we were able to assign 103 transitions in the 2 2T, /2—X 4~
(0,0) spectrum with individual transitions frequencies provided
in Table 1.

Upon reanalysing the 2 21, X 43~ (0,0) data we were able
to identify and assign some lines from the Ry;, Q21, R2o, Pao,
Py3 and Py4 branches. The P,; branch is predicted to fall near
the heavily congested band origin and similarly the Q,; and Ry3
branches were both reflected at their band heads near the origin,
significantly overlapping one another and making individual line
assignments impossible. As such, further high-resolution study
near the band origin would be needed to confidently assign these
branches. The Q23, Rys4 and Q4 branches were additionally
blended or too weak to assign. The transitions of the six assigned
branches of the 2 215 =X 437(0,0) system are shown in Fig. 4.
Some branches rapidly became much weaker and were obscured
by transitions from other branches, as can be seen with the P»3
branch and the more extensively assigned P4 counterpart. As
such, we were only able to assign 56 transitions for the 2 2II3 /2=
X 43~ (0,0) spectrum; these are given in Table 1.

While assigning the 2 *I13/,-X *Z~ (0,0) spectrum, we no-
ticed adiscrepancy in the Ry and P,4 branches for lines between
J"” =17.5 — 11.5. For both branches, lines in this region appear
at slightly higher wavenumbers than their predicted positions,
shifted by up to ~0.75 cm™!. This affect begins suddenly at
J” = 1.5, after which predictions start to close the gap on
observed line centres, becoming consistent with actual obser-
vations again at J”” = 11.5. The Ry; branch can be assigned
beyond this, where observed line centres begin to shift to slightly
lower wavenumbers than their predicted values and are assigned
up to J” = 13.5. Above this point, transitions in these bands
are too weak to assign. Comparing against calculated term en-
ergies for the lower, X “X~ state, these two branches displayed
obs.—calc. residuals as a function of J”’ that sharply increase at
J” = 1.5 before gradually returning to scatter about zero. It is
likely that these transitions are perturbed by a nearby state, but
we are unable to determine which.

The final spectrum we assigned was that of a 2 21T, /2—X 4z
(1,0) band. Here we made considerably fewer assignments than
in the previous spectra as the majority of the branches we ex-
pected to be present and not locked up in band heads were too
heavily blended to confidently make any assignments. As such,
we have only made assignments to transitions in the R;j, Qy;
and R, branches, all of which lie to the blue of the band origin
where the spectrum is significantly less dense, as can be seen in
Fig. 5. The 34 lines assigned to this band must be considered
less reliable as they have fewer transitions to compare combi-
nation differences with or for the MARVEL procedure to evaluate
their consistency against. While this higher vibrational band
does not increase the connectivity between the quartet and dou-
blet components of the network, it does provide information on
the 2 21T state vibrational excitation energy, which is useful for
ab initio calculations.

The 2 215 /2 system took two attempts to assign in order to
produce consistent data, whereas it only took a single attempt
to assign a set of self-consistent transitions to both vibrational
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Fig. 5: The assigned branches of the 2 I1; 12X 4%~ (1,0) spectrum measured by Hopkins er al. [34]. Each branch is marked with the lowest value of J” in the
series. Molecular constants fit to this spectra are given in Table 2. The unresolved profile of the C Z™-X 4~ (2,0) band is marked on the plot.
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Table 1: The assigned transitions of the 2 2II-X *Z~ spectra reported in [34] and reanalysed in this work.

22 p-X 27 (0,0)

J" Ry Qi Ry, Q2 P2 Ry3 Qi3 Py3 Ry4 Q4 Py
0.5 18050.05 18046.66
1.5 18052.37 18049.89 18044.19 18043.73 18040.97 18039.40 18043.35 18040.64 18038.98
2.5 18054.49 18051.22 18049.24 18043.11 18044.06 18040.48 18038.01 18043.18 18039.70 18036.96
3.5 18056.83 18052.23 18050.54 18042.01 18044.68 18039.80 18036.12 18042.60 18038.20 18034.49
4.5 18059.31 18053.41 18051.42 18040.90 18045.10 18038.98 18034.36 18042.11 18036.64 18031.66
55 18061.66 18054.75 18052.37 18039.93 18045.46 18038.14 18032.47 18041.52 18034.85 18028.93
6.5 18064.01 18056.08 18053.41 18038.98 18045.62 18037.42 18030.49 18040.48 18033.19 18026.40
7.5 18066.45 18057.29 18054.49 18038.01 18036.41 18028.71 18039.60 18031.08 18023.34
8.5 18069.07 18058.46 18055.66 18036.96 18035.47 18026.98 18038.76 18029.09
9.5 18071.25 18056.83 18035.96 18034.49 18025.26 18037.65 18027.31
10.5 18073.02 18057.78 18034.82 18033.19 18023.41 18036.41 18025.52
11.5 18075.02 18058.72 18033.68 18032.34 18021.20 18035.18
12.5 18059.61 18031.08
13.5 18060.45

2 25 -X *27 (0,0) 27, p-X 27 (1,0
J" Ry Q2 Ry P Py Pay J" Ry Qu Ryo
0.5 0.5 18982.21
1.5 18171.93 1.5 18984.80
2.5 18174.41 18171.01 18162.49 18157.64 18156.75 2.5 18986.97 18983.69 18981.60
3.5 18176.89 18172.10 18161.77 18155.95 18154.24 3.5 18989.28 18984.80 18982.86
4.5 18179.27 18173.52 18171.25 18160.81 18154.24 18151.61 4.5 18991.69 18985.96 18983.80
55 18181.55 18174.78 18172.36 18159.85 18152.40 18148.68 55 18993.93 18987.11 18984.80
6.5 18183.90 18176.03 18173.49 1815898 18150.52 18146.11 6.5 18996.09 18988.34 18985.81
7.5 18186.55 18177.48 18174.78 18158.11 18148.77 18143.64 7.5 18998.12 18989.49 18986.75
8.5 18189.20 18176.00 18157.21 18146.63 18140.84 8.5 19000.17 18990.36  18987.72
9.5 18191.48 18177.22 18156.19  18144.99  18137.26 9.5 19002.19 18991.67 18988.73
10.5 18193.37 18178.28 18155.20 18142.87 18134.09 10.5 19004.22 18989.67
11.5 18195.09 18154.21 18131.03 11.5 19006.35 18990.57
12.5 18196.81 18153.16 12.5 19008.55 18991.44
13.5 18198.77 13.5 19010.40

bands of the 2 2IT; /2 component. The majority of lines in
these spectra are blended to some degree, especially lines to
the red of the band origins; a conservative base uncertainty of
0.2 cm™! was used for all newly assigned transitions. Hence,
though we could quote line positions to higher precision, we have
chosen only to provide them to two decimal places. MARVEL
and the method of combination differences were used to check
the consistency of the final assignments by ensuring that the
standard deviation of the energy of a given level was less than
the uncertainty of the constituent transitions that defined that
level.

Molecular constants were determined from effective Hamil-
tonian fits to the newly assigned spectra using program PGOPHER
[46]. The fits were corroborated to ensure the empirical energies
determined through maRVEL were reproduced to a reasonable
accuracy. In the 2 21'13 /2, v = 0 state, the constants also repro-
duce the higher-J levels known from the data of Merer et al.
[84] well. These constants are tabulated in Table 2. The value
of D, was kept constant for the 2 B /2 state with the value of
6x1077 as attempts to float it yielded very high standard de-
viation results. This is likely because D, scales with J* and

the spectra we were fitting went no higher than J=14.5 in the
2200, 12, 0 = 0,1 states, leaving it very poorly determined. Ad-
ditional observations to higher J would help to better constrain
this constant. With the doublet network connected to the quar-
tet ground state via the 2 %13 /2—X 43~ (0,0) data, we were able
to determine 7, values for the other connected doublet states.
The resulting values are consistent with the energy differences
reported in the literature [84, 87, 88]. Values were also fit or
the rotational constant B, and the quartic centrifugal distortion
constant D,, while values for the sextic centrifugal distortion
constant H, and the Q-doubling constants p, and pp, were fit
where possible.

It is noted in the literature [34, 43] that the levels of the
2 201, v = n states are very close to those of C S v=n+1;
an example of this can be seen in the far left of Fig. 4 where the
unresolved C *X™-X *X~ (1,0) band approaches the edge of the
22113/,-X *7 (0,0) spectrum. Similarly, the unresolved C *Z~—
X 42~ (2,0) band can be seen slightly closer to the 2 1 =X 4y~
(1,0) band centre in Fig. 5. This supports the theory that the 2 2IT
state is responsible for the electronic perturbations observed in
the C *T~—X 42~ transitions included in our network [43, 47].
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Table 2: Molecular constants (cm™!) for the doublet states of VO contained with the MARVEL network, including the 2 211 states observed in the newly assigned
2 211-X #X~ spectra. Values provided in parentheses are the standard deviation in units of the last digit; entries without standard deviations were fixed in the fit.

1077

State v T, B, xD, 107TxH, Do D,
12A3 0 9681.1093(83) 0.550756(39) 6.17(45) —-2.9(14)
12A3p 1 10673.994(11)  0.546 668(44) 7.19(44) -8.1(13)
12As, 0 10037.7490(38)  0.551989(22) 2.63(31)  —49.2(11)
1205, 0 15220.5620(59) 0.518889(15) 5.707(73)
1207, 0 15589.4260(23) 0.5205622(72)  6.097(42)
12, 0 16937.5312(67) 0.518482(17) 5.934(80) 1.424(10)x1072  -3.87x10722
12, 1 17864.8170(66) 0.515228(17) 6.122(82) 1.543(10)x1072  -3.60x10722
121, 2 18782.947(30)  0.511703(85) 5.34(47) 1.81(10)x1072  —3.00(84)x10~°
12, 3 19691.204(12)  0.508458(45) 6.91(34) 1.683(17)x1072
12, 0 17185.4577(26) 0.5210580(80)  6.452(45) -2.7(11)x107* 4.20(91)x1077
125, 1 18112.4516(38) 0.518019(18) 6.57(17)
22, 0 18045.061(26)  0.52131(27) 6.00° 2.61(21)x107°
22, 1 18977.433(38)  0.51671(35) 6.00°
220, 0 18164.7228(63)  0.526345(20) 5.58(12)
22A3 0 24856.5701(78) 0.487822(22) 3.44(11)
22Asp; 0 25145.1608(33) 0.491632(11) 6.441(70)
32A3 0 31718.896(11)  0.493335(50) 5.67(55) -3.2(17)
32Asp 0 32012.5598(87) 0.495472(94)  65.4(21)

a: Values fixed to those provided in [88].
b: Values kept fixed in the fit.

Unfortunately, our assignments of the 2 2II-X *X~ spectra do
not extend to sufficiently high values of J to match those of the
perturbed transitions, so we cannot explicitly confirm that this
state is responsible.

4. MARVEL networks

We produced two final spectroscopic networks using the
MARVEL procedure, one with resolved hyperfine structure and
one without; these are presented below. Unlike in previous
MARVEL studies, where the number of hyperfine-resolved tran-
sitions has been orders of magnitude less than that of hyperfine-
unresolved transitions [51, 91-94], the VO data analysed in this
work consisted of a much more even split (44.8% hyperfine-
resolved data). As such, the MARVEL procedure yielded hyperfine-
resolved and unresolved networks with a similar number of final
energy levels. Hence. we chose to produce two distinct networks
to preserve both data sets.

Many of the experimental sources considered in this work
observed perturbations in their spectra, with many being able
to be fully assigned. The perturbed transitions that have not
been fully assigned are detailed in Table 3 and either consist
of internal hyperfine perturbations observed below hyperfine
resolution or perturbations by as yet unconfirmed electronic
states.

4.1. Hyperfine-resolved network

To construct the hyperfine-resolved network, 6 643 transi-
tions were passed through MARVEL for validation; 40 transitions
were invalidated as they were found to be inconsistent with the
rest of the network beyond their uncertainties. As expected,

the majority of the invalidated transitions are from the largest
data source in this network, 82ChHaMe [43], accounting for
half of the invalidated transitions. All of the data comprising
this network is summarised in Table 4. The final hyperfine-
resolved network hence consists of 6 603 validated transitions,
split between 139 components. The largest of these compo-
nents comprises 6452 transitions that determine 4 402 unique
energy levels. Of the remaining components, the next largest
consist of only 5 and then 4 transitions, followed by a further
six components containing only 2 transitions. The remaining
130 components each consist of a single transition between two
energy levels. This network connects hyperfine levels in the
X 427, B4, C X~ and 1 227 states.

4.2. Hyperfine-unresolved network

Validated transitions from the hyperfine-resolved network
were deperturbed to yield equivalent hyperfine-unresolved tran-
sition frequencies, producing 946 deperturbed transitions. 99
and 77 O- and S-branch hyperfine transitions were excluded
from the deperturbation process, due to the |AJ| < 1 constraint
on the 6j-symbol in Eq. (1). All levels involved in the excluded
transitions were also involved in at least one P-, Q- or R- branch
transition, hence this did not reduce the total number of levels in
the network. The deperturbed transitions were combined with
the remaining 8 194 hyperfine-unresolved transitions, yielding
9 140 total transitions that were then passed through MARVEL
for validation; these are summarised in Table 5. This final set
of transitions comprises 8 768 unique transitions; 372 transi-
tions appear in two sources. All transitions from §1HoMeMi
[83], 82ChHaMe [43], 91SuFrLoGi [56] and 08F1Zi [44] con-
tained within this network have been deperturbed, while the
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Table 3: A summary of the observed perturbations contained within the new networks presented in this work that have yet to be fully assigned.

Source Band Hyperfine Resolved Number Description
57LaSe [47] Ciz X%z No 28 Electronic perturbations to C*Z~, 0" = 0, 1,2 at N’ =
73,50, 25 respectively.
82ChHaMe [43] C4r-X43- Yes 8 Unidentified electronic perturbation to F4(N’ = 26).
Yes 9 Unidentified electronic perturbation to Fj (N’ = 37).
82ChTaMe [82] A4TI-X 4%~ No 7 Internal hyperfine perturbation at N’ = 15.
87MeHuChTa [84] D “*A-A’*® No 2 Unidentified electronic perturbation to Fj (N’ = 28).

Table 4: The final hyperfine MarRVEL network for VO, broken down by data source and vibronic band. The range in energy and total angular momentum quantum
number J for transitions in each band is provided, along with their mean and maximum uncertainty. The total number of transitions validated compared to those

accessed by MARVEL (V/A) is also given.

Band Vib. J range V/A Energy range (cm~')  Unc. Mean/Max (cm™')
81HoMeMi [83]

C4r X432~ 0-0 27.5-30.5 48/48 17336 - 17354 0.005/0.005
82ChHaMe [43]

C4s X4z~ 0-0 0.5-47.5 2797/2817 17288 - 17427 0.002/0.005
91SuFrLoGi [56]

X435 -X 42 0-0 05-15 3/3 0.2863 - 0:3664 2.00x1077/2.00x1077
95AdBaBeBo [45]

125+-X 43~ 2-0 37.5-40.5 14/14 12421 - 12432 0.002/0.002
B4 p-X%2~ 0-0 4.5-485 1027/1030 12408 - 12536 7.61x1074/0.002
B -X*X~ 0-0 05-425  873/876 12490 - 12593 8.16x1074/0.002
B4l;,-X*X” 0-0 05-405  901/906 12491 - 12661 9.50x1074/0.002
B*lsp-X*X~ 0-0 1.5-425  703/708 12575 - 12734 8.86x1074/0.002
08F1Zi [44]

X4 -X 4% 0-0 6.5-175 220/224 9.7268 - 17.5154 1.67x107%/1.67x10°

data of 95AdBaBeBo [45] is a mixture: 41.1% of the transi-
tions accessed and 41.3% of those validated by MARVEL for this
source are deperturbed. The deperturbed transitions involve 632
unique energy levels, 127 of which we were not present in any
hyperfine-unresolved transition data.

53 of the input transitions were invalidated due to having
optimal uncertainties determined by the MARVEL procedure sig-
nificantly greater than their input uncertainty and being in poor
agreement with their energies determined via combination dif-
ferences. The largest number of invalidated transitions come
from 87MeHuChTa [84], which is also the largest source of
hyperfine-unresolved data. The final hyperfine-unresolved net-
work hence contains 9 087 validated transitions divided into 121
components, the largest of which consists of 8 907 transitions
that determine 4 712 energy levels. Of the remaining compo-
nents, six consist of 4 transitions, four consist of 3 transitions,
a further 34 consist of 2 transitions and the remaining 76 are
single-transitions components. A breakdown of the electronic
states included in this network is shown in Fig. 6. The energy
levels of the 2 2IT state that are determined through our MARVEL
analysis are shown in Fig. 7.

The exceptionally large maximum uncertainties in 82ChHaMe

[43] and some bands of 95AdBaBeBo [45] seen in Table 5 are
the result of our uncertainty scaling applied to a select few de-
perturbed hyperfine transitions, where the majority of the hyper-
fine components were absent from the data and those that were
present were heavily skewed. Given the scaling factors defined

10

in Eq. (4) and Eq. (5), this has resulted in 8 and 12 transitions
from the respective aforementioned sources with uncertainties
above 1 cm™!, all of which were validated by MARVEL.

The mean degree of the final energy levels determined by
MARVEL, meaning the average number of transitions that define
each level, is 3.78. 800 energy levels in the network are only
defined by one transition and are hence unreliable. These levels
primarily occur in the B *IT state (33.6%) followed by the A *TI
(14.0%) and A’ *® (11.5%) states.

Using the empirical energies determined by MARVEL, it is
possible to determine a larger set of possible transition frequen-
cies. 119203 allowed transitions can be determined between
the 4 712 unique energy levels, excluding any intercombination
bands not reported in observations and ignoring unassigned per-
turbations, 110435 of which are transitions not contained within
the observational data.

By uniting the doublet and quartet states into a single net-
work we were able to constrain the 7, values for the doublet
states. These had previously been undetermined relative to the
ground state [84, 87, 88]. These values are provided in Table 2.

Comparisons can be made between the empirical hyperfine-
unresolved energies determined in this work and those calcu-
lated by McKemmish ef al. [30] as part of the VOMYT line
list. Matching levels exactly using the MARVEL quantum num-
bers, 4 350 levels are identified in both the MARVEL and VOMYT
lists. This matching set of levels primarily excludes the 2 2A and
3 2A electronic states, which were not considered in the original
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Table 5: The final hyperfine-unresolved MARVEL network for VO, broken down by data source and vibronic band. The range in energy and total angular momentum
quantum number J for transitions in each band is provided, along with their mean and maximum uncertainty. The total number of transitions validated compared to
those accessed by MARVEL (V/A) is also given.

Band Vib. J range V/A Energy range (cm~')  Unc. Mean/Max (cm™')
57LaSe [47]

C43 X 43~ 0-0 125-855 265/265 17026 - 17423 0.055/0.100
C4z-X*2- 0-1 11.5-855 267/267 16028 - 16422 0.050/0.050
C4s-X*%2 0-2 11.5-685 168/168 15284 - 15431 0.071/0.100
C43 X 4%~ 1-0 125-87.5 258/258 17868 - 18275 0.051/0.100
C43 X 43~ 2-0 145-72.5 180/180 18771 - 19116 0.058/0.100
81HoMeMi [83]

C43 X 4%~ 0-0 27.5-305 6/6 17336 - 17354 0.027/0.027
82ChHaMe [43]

C4s-X*2 0-0 05-475 367/367 17288 - 17427 0.100/4.875
82ChTaMe [82]

AL p-X*2"  0-0 45-895 197/197 9258 - 9481 0.007/0.010
AL )p-X*E"  0-1 85-675 114/114 8364 - 8481 0.007/0.010
A X 42" 0-0 145-785 153/155 9312 - 9493 0.006/0.010
AT p-X 42” 0-1 205-665 69/69 8374 - 8476 0.006/0.010
AT p-X 42- 0-0 13.5-745 166/170 9290 - 9538 0.006/0.010
ATl p-X 42" 0-1 95-545 7172 8419 - 8514 0.006/0.010
A s )p-X 42~ 0-0 3.5-89.5 219/221 9262 - 9558 0.007/0.010
A s )p-X 45~ 0-1 75-335  53/53 8521 - 8558 0.007/0.010
87MeHuChTa [84]

1210y )01 2As2 0-0 55-475 211/211 7160 - 7266 0.006/0.020
120051 2A3)2 1-0 45-465 217217 8057 - 8192 0.015/0.200
121203, 2-1 45-425  163/163 8031 - 8117 0.017/0.200
1210 o1 2A32 3-1 6.5-355 - 103/103 8962 - 9025 0.022/0.200
12IT50-1 2As 2 0-0 4.5-46.5  208/208 7048 - 7157 0.006/0.020
1 2I030-1 2Asa 1-0 3.5-335 140/140 8008 - 8083 0.008/0.020
22A3)2-12®s)5 0-0 25-445 168/184 9568 - 9644 0.016/0.200
22As5p-12®7,  0-0 25-40.5 162/162 9483 - 9565 0.023/0.200
22301 2As)2 0-0  35-425 162/162 8063 - 8138 0.020/0.200
DA p-A*TL ), 0-0 45-275  37/37 9526 - 9557 0.020/0.200
D*A3p-A*,  0-0 7.5-39.5  153/153 9567 - 9632 0.019/0.200
D*As;p-A 5, 0-0 35-295  63/66 9647 - 9688 0.020/0.200
D*A7p-Alsp, 0-0 45-305 115116 9690 - 9740 0.011/0.200
D4A;p-A" D5, 0-0 2.5-40.5  192/192 11946 - 12016 0.014/0.200
D4Ajp-A' 405 0-1  45-285  70/70 11033 - 11067 0.005/0.005
D4Ajp-A"*D3p  1-0 45-285  96/96 12793 - 12833 0.007/0.020
D*A3p-A" 405, 0-0  7.5-41.5  107/107 11867 - 11928 0.011/0.200
D4A3p-A"*Ds,  0-1 105-205  38/38 10961 - 10987 0.005/0.005
D*A3p-A" D5,  1-0 45-275  73/73 12715 - 12764 0.006/0.020
D*Asp-A" 47, 0-0  7.5-51.5  242/242 11713 - 11863 0.009/0.200
D*Asp-A" 47, 0-1  9.5-48.5  204/204 10811 - 10929 0.010/0.200
D *Asp-A"*®;,  1-0 13.5-365  78/78 12630 - 12685 0.018/0.200
D*Asp-A" 407y 1-2 13.5-425 168/168 10730 - 10836 0.008/0.020
D4A7p-A" 4Dy, 0-0 12.5-47.5 164/164 11710 - 11795 0.009/0.200
D4A7p-A" 4Dy, 0-1 185-435  82/82 10787 - 10848 0.007/0.020
D*A7p-A" 4Dy,  1-0 14.5-395  98/98 12529 - 12617 0.021/0.200
D*A7p-A" 4Dy 1-2 17.5-425 110/110 10677 - 10768 0.006/0.020
91SuFrLoGi [56]

X4z -X 4z~ 0-0 05-1.5 1/1 0.3042 - 0.3042 5.95x107%/5.95x1076

11
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Fig. 6: The levels of 51y16Q in our new network, grouped by electronic state and ordered by increasing Ty values for each electron configuration. Each horizontal
line represents an energy level in that electronic state.

VOMYT model, as well as any of the not yet fully assigned
perturbations remaining within the MARVEL network. Minor
adjustments were made to the quantum number assignment that
19000 had been provided by puo for the levels of the VOMYT line
22Ty, v=1 . . . .
list as, although the assignment of J and parity are rigorous, the
labelling of other quantum numbers is not. In the vast majority
18600 P, =03 of cases the assignment of these quantum numbers is performed
correctly. However, for several pairs of levels with similar en-
18400 ergies that differed only in their Q assignment we identified
through comparison with the empirical MARVEL energies that
their Q assignments had been swapped. Upon correcting this,
18000 Mm, v=0 we were able to measure how well the VOMYT model predicted
0 10 20 30 40 the MarvELised data: the X #X~ state was the best modelled with
: a mean obs. — calc. value of -0.0141 cm™'. This difference
Fig. 7: The energy levels of the 2 2IT system determined by MARVEL as part of is at least an order of magnitude larger for the other electronic
the hyperfine-unresolved network. Levels are marked with a ’+” or ’x’ based on states and is largest for A0 (-2.92 cm_l) in the quartets and
their +/- total parity assignment, respectively. 123+ (-8.20 cm™!) in the doublets. These comparisons are sum-
marised in Table 6 where obs. — calc. values are given for the

18800

Energy (cm™?)

18200
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Band Vib. J range V/A Energy range (cm~')  Unc. Mean/Max (cm™')
94ChHaHuHu [85]

123+-X 4z 3-0 27.5-335 717 13400 - 13413 0.020/0.020
B4 p-X*2™ 1-0 3.5-405 108/112 13354 - 13409 0.007/0.020
B p-X4=~ 1-0 55-385  92/96 13360 - 13476 0.006/0.020
B*l;p-X4=~  1-0 55-425  93/97 13486 - 13556 0.005/0.020
B*l5p-X%X™  1-0 3.5-41.5  154/159 13534 - 13631 0.005/0.020
95AdBaBeBo [45]

123X 42" 2-0 37.5-575  12/12 12421 - 12436 0.338/2.250
B4l p-X*X~ 0-0 15-61.5 382/383 12368 - 12536 0.064/2.250
B -X*~ 0-0 05-925 3154316 12213 - 12593 0.048/2.250
B*l;,-X*X~ 0-0 0.5-53.5 257/258 12491 - 12661 0.030/0.562
B*lsp-X4=~  0-0 15-49.5 323/326 12575 - 12734 0.051/2.250
97KaLiLuSa [86]

AL )p-X*E" 0-0 05-45 10/10 9453 - 9460 0.050/0.050
A X% 0-0 05-65 20/20 9481 - 9498 0.050/0.050
A*;-X%E"  0-0 05-55 10/10 9516 - 9528 0.050/0.050
A%s)p-X4E~  0-0 15-55 717 9559 - 9568 0.050/0.050
02RaBeDaMe [87]

1205-12A3  0-0 65-47.5 224/224 5433 - 5548 0.003/0.003
12070-12As;,  0-0 25-41.5 2121212 5462 - 5561 0.003/0.003
05RaBe [88]

32A30-12A3  0-0 7.5-465 136/136 21866 - 22042 0.005/0.005
32A30-12A3,  0-1 45-475 146/146 20877 - 21050 0.005/0.005
3%Asp-12As;, 0-0  65-19.5  50/50 21932 - 21980 0.005/0.005
08FIZi [44]

X4E X 4% 0-0 65-17.5  28/28 9.7287 - 17.5151 1.05x1073/1.95x107>
08SrBaRaBa [90]

C4z-X*4x- 0-2 145-675  16/16 15289 - 15431 0.050/0.050
C4z -X*x- 1-0 145-745  26/26 17971 - 18270 0.050/0.050
CHr X4z 2-0 145-67.5 2526 18771 - 19116 0.050/0.050
09HoHaMa [34]

22 p-X %2~ 0-0 05-145 101/101 18021 - 18075 0.200/0.200
22 p-X 42" 1-0 05-145  33/33 18982 - 19010 0.200/0.200
22M3-X 42" 0-0  15-145  56/56 18131 - 18199 0.200/0.200
VOMYT_MAGIC

12Asp-1%A35  0-0 55-55 212 357 -357 0.100/0.100

full set of data and for only levels where v = 0. This is because

of hyperfine interactions. Recently Qu et al.

[89] have im-

the potential curves used in the VOMYT spectroscopic model
primarily relied on v = 0 data and as such it is perhaps more
insightful to see how well the model predicts these energies.

5. Conclusion

We have performed a MARVEL analysis for vanadium oxide
constructing two networks, one hyperfine-resolved and one not,
which are roughly equally sized. Comparison with the energy
levels provide by the VOMYT line list suggest ways that the
underlying spectroscopic model for VO can be improved. How-
ever, the hyperfine splitting in VO spectra, particularly those
involving the X X~ ground state, is sufficiently large that provi-
sion of a high accuracy line list for VO will require a treatment

13

plemented a full (i.e. non-perturbative) treatment of hyperfine
interactions within the Duo nuclear motion code. Our intention
is to use this code and the energy levels here presented here to
build an improved, hyperfine-resolved spectroscopic model for
VO which will form the basis for a new line list.

While there is considerable experimental data available for
VO which we have been able to use, and indeed validate, in this
study, there are some notable gaps. Probably the most serious is
the lack of any hyperfine-resolved observations involving vibra-
tionally excites state of the electronic ground state which would
allow the hyperfine structure as function of v to be characterized.
Observations to connect the components of the doublet network
without the use of calculated transition frequencies, such as the
2201, -1 2A4 /2 band, would provide insight into the magnitude
of the doublet states’ spin-orbit separations. Assignments to the
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Table 6: The obs. — calc. comparisons between the energies of the hyperfine-unresolved network and the VOMYT line list [30]. The mean obs. — calc. value and
its standard deviation are provided for each electronic state for all available data, as well as only for data where v = 0.

All Data obs. —calc. (cm™') v = 0 obs. — calc. (cm™1)

Electronic State Mean Std. Dev. Mean Std. Dev.
X4z~ -0.014106 0.290408 0.098649 0.105588
A’ 4D -2.916455 4.842853 -4.146597 5.451342
A 0.275672 4.369407 0.275672 4.369407
B Il -1.790521 19.443214 -2.689856  24.393345
C4x- 1.802196 3.367137 0.243359 0.401965
D“A -0.904808 4.983605 -0.202608 0.333345

12A 0.638876 0.645049 0.786097 0.287719
12z -8.198526 15.451711

120 0.697798 0.490123 0.697798 0.490123
1211 1.251512 0.618625 0.876099 0.638034
221 3.611791 5.191570 4.524782 5.366077

observed 3 2I1-X *Z~ bands [34] would enable the extension
of the network to additional electronic states, though would not
increase the connectivity between the quartets and the rest of
the doublet states. These and other experimental measurements
would be welcome. As MARVEL is an active process, the net-
works presented here will continue to be updated with new and
assigned spectroscopic data when it is made available.

Though hyperfine-resolved data remains limited in its elec-
tronic state and vibrational band coverage, the data that does
exist consists of the most accurate transition measurements cur-
rently available. As such, a treatment of hyperfine-resolved
data is necessary to achieve a high-resolution network and in
turn, line list. Given that future experimental observations of
the spectra of VO are likely to continue to be a mix of hyper-
fine resolved and hyperfine unresolved, hyperfine deperturbation
techniques such as those employed here will remain a necessary
step in MARVEL analysis.
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