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30 Her M6 III

Proxima Cen M5.5 V

M Star Opacities: The B3Π - X3∆ Band System of TiO 
Bernath, P.F., Bhusal, M., Schmidt, M.R. 
2025 ApJ 987, 126

MELCHIORS spectrum of 30 Her (M6 III) in black is 
compared with the synthetic spectrum as described in 
the text. The positions of the TiO B3Π - X3∆ R-heads 
of main branches are marked with vertical lines. The 
deep absorptions are formed by heads of the ScO A2Π - 
X2Σ+ 0-0 and 1-1 bands.  
Band intensities of 2-1, 3-2 and 4-3 are all decreased  
by -0.16 in log gf relative to Toto list (McKemmish et 
al. 2019).  
ScO intensities by Lavy, L., Pastorek, A., Bernath P. F., 
(2024, ApJ 975, 180)  are lowered by factor 0.4 (-0.39 
in log gf).

The short segment of HARPS spectrum of Proxima 
Centauri (M5.5 V) in black is compared to the synthetic 
spectrum (in red). Note that in the presented spectrum of 
Proxima Cen most of absorption features seen in the 
observed spectrum are reproduced correctly with the list 
of TiO lines only. 
 
Hidden continuous opacity in late-type dwarfs ?
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4

TiO γ’  Δv=+1

TiO γ’  Δv=0

TiO α 0-2, 1-3 In Toto (McKemmish et al. 2019) 
- satelite bands less accurate

ScO A2Π-X2Σ

YO A2Π-X2Σ
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The spectrum of 30 Her M6 III (in black) from MELCHIORS library (Royer et al. 2024)  (HERMES/Mercator). Synthetic spectrum (in blue) using atmospheric 
model - MARCS Tef=3000 K, log g= 0.0, Z=0, vturb=4 km/s. List of lines of TiO from Toto/ExoMol (McKemmish et al. 2019) updated with list of transitions of 
B3Π-X3∆ v’,v”<=6 (Bernath, Bhusal, Schmidt 2025)



2838 L. K. McKemmish et al.

Figure 1. Fitted PECs for 48Ti16O.

Figure 2. Electronic states of TiO, all included in our energy spectroscopic
model; solid horizontal lines are states that have been observed, whereas
the dotted lines are purely theoretical results. The vertical lines denote
allowed spectroscopic bands, with solid lines labelled by their historical band
designation; the dotted intercombination band has no historical designation.

Miliordos & Mavridis ( 2010). These PECs are illustrated in Fig. 1.
Fig. 2 summarizes the major band systems linking these states.

Many of these levels are well understood, but there are no reliable
observations of the D 3!−, F 3!+, g 1", h 1!+, and i 1# states.
We do have reasonable results for their energies from Miliordos &
Mavridis (2010), but the errors are likely to be in excess of 100 cm−1.

The component of the spectroscopic model that determines
energy levels consists of the fitted PECs, SOC terms and other
coupling terms. For TiO, ab initio methods perform quite poorly,
particularly for the term energies for electronically excited states.
Therefore, for spectroscopic accuracy, we need to rely on exper-
imental data. Fortunately, a substantial quantity of experimental
data for 48Ti16O is available. Therefore, for this molecule, for most
curves (particularly PECs) we start with simple flexible models such
as extended Morse oscillators rather than ab initio results.

The parameters of these curves were determined by using the
DUO code to predict the rovibronic energy levels associated with
this energy spectroscopic models, then refining the parameters in
order to minimize the difference between the MARVEL experimental
energy levels and the DUO predictions for these energy levels. This
refinement was done by fitting curves related to one electronic
state at a time against this electronic state energy levels while
keeping other curves fixed to ensure that the parameters remained
physically reasonable. Curve couplings were retained in all fits
frozen at their ab initio values. Since parameters representing
individual curves are linear dependent (see e.g. Zare et al. 1973),
this procedure was repeated until convergence of all parameters and
guarantee that all parameters are blended in the final spectroscopic
model.

2.2 Fitted curves

The TiO spectroscopic model is presented in the 48Ti-
16O TOTO.duo.model file in the supplementary information to
this manuscript as a DUO input file.

2.2.1 Diagonal terms

PECs: The most important component of this element of the
spectroscopic model is the PECs. We choose to use extended Morse
oscillator (EMO) potentials (Lee et al. 1999), with functional form,

V (r) = Te + (Ae − Te) (1 − exp [βEMO(r − re)])2 , (1)

where

βEMO =

⎧
⎪⎨

⎪⎩

b0 + b1

(
r2−r2

e
r2+r2

e

)
r ≤ re

∑4
i=0 bi

(
r4−r4

e
r4+r4

e

)i

r > re

, (2)

Te is the term energy, Ae is the dissociation asymptote fixed at
55 410 cm−1 based on experiments (Naulin, Hedgecock & Costes
1997). (Ae − Te) is the dissociation energy of the corresponding
PEC, re is the equilibrium bond length and bi are vibrational
fitting parameters. Most curves are obtained by fitting against
experimentally available energy levels from an updated MARVEL

analysis (see next section for further details). The exceptions were
the D 3!−, F 3!+, g 1", h 1!+, and i 1#, which have not been
observed experimentally; the values chosen here are based on results
from Miliordos & Mavridis (2010), but we caution that our results
for these states are qualitative only. Note that none of these states
are likely to be involved in strong absorption features for TiO; if
they were, they would already have been observed experimentally.

Table 1 provides the fitting parameters for the PECs, while Fig. 1
shows the curves graphically.

Diagonal SOC: We did obtain ab initio diagonal SOC results (e.g.
using icMRCI/aug-cc-pVDZ with a (4,3,3,1) active space based
on state-specific or minimal state CASSCF orbitals); our previous
study on ScH showed that these couplings show little sensitivity to
basis set used (Lodi et al. 2015). We explored the effect of using
fitted forms of these ab initio curves in our spectroscopic model;
however, we found that the variation of the SOC across the bond
lengths of relevance to our nuclear wave functions was generally
small or otherwise unreliable compared to the absolute error of this
curve in most cases. Therefore, a constant SOC parameter refined
against experimental values was used in preference to the more
complex behaviour shown by ab initio spin–orbit curves. These
values are given in Table 2.

MNRAS 488, 2836–2854 (2019)
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Electronic states of TiO  
(credit: McKemmish et al. 2019)

Experimental cross-section by Bernath (2020) based on archival 
(NSO) spectra recorded in 1987 
 
Analysis of spectrum with PGOPHER (Western, C. 2016) 
 
Initial candidates: D3Σ- —X3Δ, h1Σ+-X3Δ on list of Schwenke (1998)
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Table 2: Spectroscopic constants for the i1⇧ and a1� v=0 states of TiO.

i 1⇧ v=0 a 1� v=0
(this work) Bittner & Bernath (2018) Amiot et al. (1996)

Tv 20627.5192(38) 3444.367a

Bv 0.507108(60) 0.536255(61) 0.53624855(795) 0.5362187(24)
Dv ⇥ 107 6.07(11) 6.13(11) 6.0293(115) 5.9914(24)
Hv ⇥ 1010

q⇥104 3.683(85)
qD ⇥ 107 -2.625(58)
qH ⇥ 1011 2.916(91)

Notes. All values are in cm�1. One standard deviation error is indicated in parentheses. (a) Parameter held fixed in the fit at value derived by
Kaledin et al. (1995)

Assuming ↵e = 3 ⇥ 10�3 cm�1, typical for TiO electronic
states to within about 10% (see Table 5 of Miliordos & Mavridis
2010), and using Bv = Be � ↵e(v + 1/2) with Be = 0.508608
cm�1, we obtain Bv = 0.501108 cm�1 for v = 2, in agreement190

within uncertainties with the value of Namiki et al. (2003).
Figure 1 shows a portion of the laboratory spectrum with

the identified i–a transitions marked, together with PGOPHER
simulations of the i–a band and the overlapping C–X bands. The
displayed region contains the strongest lines of the i–a system.

The sign of the q parameter was determined using the pure
precession and unique perturber approximations, in which the
⇤-doubling parameter of a state of energy E perturbed by a state
at energy Epert is approximated by

q =
4B2

E � Epert
(1)

where B is the rotational constant of the perturbed state200

(Lefebvre-Brion & Field 1985). Applying this relation to the
b1⇧ and i1⇧ states allows an estimate of the energy of the per-
turbing state. Using T (v = 0), q, and B for b1⇧ (14 716 cm�1,
�1.6325⇥10�4, and 0.51204209 cm�1; Bittner & Bernath 2018)
and the corresponding parameters for i1⇧ from Table 2, we de-
rive an estimated perturber energy of 18 812 cm�1.

This is consistent with theoretical predictions for the unob-
served singlet state h1⌃+: Miliordos & Mavridis (2010) obtained
Te = 18 596 cm�1 at the MRCI+Q level (their state 2 1⌃+),
while Schwenke (1998) reported Te = 17 564.88 cm�1. The per-210

turbed states and the perturber di↵er mainly by ⇡� versus �2 con-
figurations (Schwenke 1998; Merer et al. 1987), satisfying the
assumptions of the approximation. This analysis supports the
adopted assignment of e/f parities.

The laboratory position of the R head of the i1⇧–a1� (0–0)
band corresponds to the interpolated position of the Re(17) line
at 17 192.524 cm�1 (5814.88 Å), while the Q branch begins with
Q f (2) at 17 182.979 cm�1 (5818.10 Å).

3.2. Search for other bands

Encouraged by the successful analysis of the 0-0 band we220

searched for the next band in the �v=0 sequence.
To this end, we estimated the vibrational constants !e (and

!exe) using the band origins derived in this work together with
those reported by Namiki et al. (2003). A linear fit to the origins
of the v = 0, 2, and 3 levels gives !e = 841 cm�1. Including the
anharmonic term in the expansion does not change the result, as
the derived !exe is close to zero. Fixing the anharmonic term at

a value typical for other electronic states, !exe = 4 cm�1, yields
!e = 857 cm�1.

Theoretical calculations by Miliordos & Mavridis (2010) 230

give !e = 924 cm�1 and !exe = 4 cm�1.
One may also estimate !e using the approximate formula

(exact for a Morse potential)

Dv =
4B3

!2
e
. (2)

This yields !e = 933 cm�1 with an uncertainty of about 15 cm�1,
arising from the uncertainty in Dv. Overall, the value of !e re-
mains poorly constrained.

These estimates allowed us to narrow the search range for the
i–a bands 1–1 and 1–0 in the experimental spectrum. In particu-
lar, we searched for characteristic patterns formed by Q-branch
lines (J = 38–41), where the expected ⇤-doubling is close to 240

zero and lines of both parities overlap, forming features of ap-
proximately twice the usual intensity. So far, however, we have
been unable to reliably identify lines belonging to the 1–1 or 1–0
bands, and the value of !e therefore remains uncertain.

The identification of lines belonging to the 0–1 and 0–2
bands in the laboratory spectrum was also unsuccessful, de-
spite their positions being well constrained using spectroscopic
parameters of excited levels of a1� from Bittner & Bernath
(2018). The R-head positions of the 0–1 and 0–2 bands
are expected at 6177.116 Å (RRe(19), 16 184.307 cm�1) and 250

6583.435 Å (RRe(21), 15 185.329 cm�1), respectively. The 0–1
band lies in the crowded region of the B3⇧–X3� 0–0 band.

Because the experimental spectrum represents an absorption
cross-section at an excitation temperature of 2300 K, the popula-
tions of the a1� v00 = 1 and v00 = 2 levels are reduced by factors
of approximately 2 and 4, respectively, relative to v00 = 0, further
decreasing the chances of their identification.

4. Empirical intensities

The empirical intensities of lines in the i1⇧� a1� 0–0 band were
determined in two ways. First, we estimated the band strength 260

from simulations of the experimental cross-section performed
with PGOPHER. The spectroscopic constants for the C–X 0–2
and 1–3 bands were taken from Hodges & Bernath (2018). The
B–X bands were simulated using data from Cameron & Bernath
(2022) and Bernath et al. (2025). The strength parameter for
each simulated band in PGOPHER was fixed to reproduce oscil-
lator strengths from the Toto line list (McKemmish et al. 2019).
With this approach, the relative strengths of rotational lines
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The spectrum of 30 Her M6 III (black) from MELCHIORS library (Royer et al. 2024)  (HERMES/Mercator) 
The synthetic spectrum (red) calculated with the list of lines of TiO updated with the list of transitions i1Π-a1∆ (0-0) band (Schmidt 2026) 
The band intensity is estimated from the experimental cross-section and further confirmed in stellar spectrum.
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Summary 

TiO in cool stars

• Three strong triplet systems (α, γ′, γ) dominate the visual flux of late M-type giants

• Additional contributors: one weaker triplet (ε) and six singlet systems 
(β, δ, ϕ, f¹Δ–a¹Δ, b¹Π–d¹Σ⁺, e¹Σ⁺–d¹Σ⁺)

• Further systems in the UV and the forbidden C³Δ–a¹Δ transition are known only from 
laboratory spectra 

Contributions of presented works

• Updated description of the γ′ system (now extended to v′ = 4)

• Identification of a new singlet system: i¹Π–a¹Δ

• Laboratory characterization of the B³Π state (up to v = 4)

• First spectroscopic characterization of the i¹Π electronic state 

Earlier related result

• Detection of two forbidden (intercombination) systems, c¹Φ–X³Δ and b¹Π–X³Δ 
(Kamiński et al. 2009), previously predicted but not observed in stellar spectra 

Future work 
• Analysis of the ε (E3Π-X3Δ) system at higher vibrational levels (1-1)
• Improved intensity calibration of the two identified forbidden systems
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XShooter Spectral Library Data Release 2 
Gonneau et al. 2020, A&A 634, A133 Appendix 1/2
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