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The TiO A3®-X3A electronic transition (y system) is a significant opacity source in M dwarf stars as well as in the
atmospheres of hot Jupiter exoplanets. The minor isotopologues, 46Ti0, 4Ti0, *°Ti0 and °°TiO, specifically the
0-0 and 0-1 bands, have been analyzed, producing spectroscopic constants for the A3® (v = 0) state and line lists
with line positions based on experiment. In total 8248 lines in the A>®-X3A transition were fitted, with wave-
numbers ranging from 12,827 cm ! to 14,172 em ™! (780-706 nm) with J values from 1 to 70. The TiO emission
spectrum used for the analysis was recorded at the McMath-Pierce Solar Telescope, operated by the National
Solar Observatory at Kitt Peak, Arizona.

1. Introduction

TiO is among the most prominent diatomic molecules from an as-
tronomical perspective, given the early discovery of its spectral lines by
Fowler in 1907 [1] and its strong presence in the visible and near
infrared spectra of M dwarf stars [2]. The significance of TiO has
increased with the exploration of exoplanets, where TiO has been shown
to cause formation of stratospheres in hot Jupiters [3,4]. Recent analysis
of observations of oxygen-rich asymptotic giant branch (AGB) stars have
revealed a significant presence of TiO as a possible precursor to dust [5].
Astronomical observations of TiO need to be supported by comprehen-
sive line lists, which should be based on laboratory spectroscopy. The
ExoMol TiO line list by McKemmish et al. [6] is currently the most
comprehensive and reliable, with 30 million *®Ti'®0 transitions as well
as predictions for the four minor isotopologues, derived for titanium’s
four minor isotopes: 46T, 47Ti, “°Ti and °°Ti with natural abundances on
Earth of 8%, 7%, 5% and 5%, respectively. The ExoMol line list is
calculated from potential energy curves using the DUO program [7]. The
potential energy curves were adjusted using experimental data and
calculated line positions were replaced by calculated values from
experimentally derived term values, if available.

A thorough summary of TiO laboratory spectroscopy for the “*Ti'®0
molecule was made by McKemmish et al. [8]. Since then, our group has
continued to improve TiO laboratory spectroscopy; those efforts include
analysis of singlet transitions [9], the C3A -X3A transition [10], ab-
sorption cross sections in the visible and near IR [11], the B30 -X3A

transition [12] and the B3IT -X3A transition [13].

The isotopes of Ti have different nucleosynthetic origins: oxygen and
silicon burning in massive stars yields *6Ti and *’Ti, *¢-°Ti are formed
mainly in supernova explosions [14]. Determining the relative abun-
dances of isotopes and understanding the processes that form the various
isotopes can potentially lead to determining the formation and evolution
of astronomical objects [15]. The relative abundances of Ti isotopes of
two M dwarf stars were measured by Pavlenko et al. [16] using the
ExoMol line list. They found that *6~*Ti abundances were reduced by a
few % and *°°°Ti abundances were increased by a few% relative to solar
abundances. Current large telescopes with high resolution spectrographs
such as the VLT/RISTRETTO and those coming such as the ELT/ANDES
can determine the relative TiO abundances of young gas giant exopla-
nets [15]. We present here the results of rotational analysis of the minor
TiO isotopologues, through laboratory spectroscopy, providing
improvement to existing experimental line lists.

2. Method and results

The rotational analysis of the minor isotopologues of the TiO mole-
cule A%®-X3A transition was carried out with the PGOPHER program
[17], using as an overlay the same TiO experimental cross sections,
recorded at McMath-Pierce Solar Telescope at Kitt Peak, AZ in 1985,
that were used by Bernath and Cameron [12] and Cameron and Bernath
[13]. The source for the emission spectrum is a carbon tube furnace
operated at about 2300 K; the conversion of the spectrum to calibrated
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Fig. 1. TiO spectrum, a portion of the A3®-X3A transition 0-1 band, in red
pointing upwards, simulation pointing downwards.
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Fig. 2. TiO spectrum, an expanded portion of the A3®-X°A transition, 0-0
band, highlighting the accuracy of the simulation, pointing downwards.

cross sections is detailed by Bernath [11]. Wavenumber calibration ac-
curacy for the cross sections is 0.002 cm ™! and the spectral resolution
is about 0.05 cm™!. In addition, low J-line positions for the 0-0 band of
all four minor isotopologues from Barnes et al. [18] were manually
added to the PGOPHER fit.

The states in the A3®-X3A transition obey Hund’s case (a) coupling;
each vibrational band has 3 subbands due to the three spin components,
and each subband has P, Q and R branches, with no A-doubling. Fig. 1
shows an overview of the 0-1 band; the cross sections are in red,
pointing up, and the simulation is pointing down. Fig. 2 shows an
expanded portion of the 0-0 band, allowing a better view of the faith-
fulness of the simulation. In general, the stronger lines are generated by
the main “®Ti®0 isotopologue, and the weaker lines are from the minor
isotopologues, as demonstrated in Fig. 3, where the main isotopologue
simulation is pointing downwards in black, and the minor isotopologues
are color coded as described in the figure caption. Note the line strengths
in Fig. 1 through 4 were set manually in PGOPHER to match the line
strengths of the cross sections, not calculated. The most prominent
feature in Fig. 3, at 14,155.7 cm ™}, is expanded in Fig. 4 to get a better
sense of the distribution of the lines of the different isotopologues. The
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Fig. 3. The same portion of the A3®-X3A transition, 0-0 band, depicted in
Fig. 2, with color coding added to show the isotopologues that comprise the
features. Blue is “°Ti'®0, red is *’Ti'®0, black is **Ti'®0, orange is “°Ti'®0 and
green is *°Ti'®0.
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Fig. 4. Expanded view of the prominent feature in Fig. 3 at 14,155.7 cm ™.

Lines composing the features are labelled. Color coding as in Fig. 3.

same color scheme introduced in Fig. 3 is continued in Fig. 4. It can be
seen the feature at 14,155.7 stands out because it is a merger of two lines
of the major *®Ti'%0 isotopologue, specifically an R(39) line and a Q(15)
line. It can be seen that the same two lines are merged into a single
feature for all five isotopologues, which appear in order by mass starting
with the “°Ti'®0 isotopologue on the left progressing through the
507160 isotopologue on the right. In the rotational analysis, 8233 lines
from the 0-0 and 0-1 bands were fit across the four minor isotopologues
with an average observed minus calculated error of 0.013 cm™!. These
observed lines are provided in Supplementary Table 1.

To begin the analysis, initial spectroscopic constants for both the A3®
and X3A states for the major *®Ti'®0 isotopologue were obtained from
Ram et al. [19]. Ram et al. [19] provide equilibrium constants as a
power series. These equilibrium constants were scaled for the different
atomic masses of the four minor isotopologues using the following usual
relationship from Bernath [20]:
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Table 1

Equilibrium constants for the TiO minor isotopologues for X>A and A3® states in
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Table 1 (continued)

_ R . . . P, Po D1 D2 D3
cm ™! derived from the Ram et al. [19] “®Ti'®0 constants, which are included for v
] s 1k Apy  —4.20100(328)  2.598(324)E-07 0 0
reference. The Ram et al. [19] format has been replicated: P, = >";_opx (v + 5) . E-05
For P, = Ty,po = Top1 = OP2 = —0XeP3 = 0Ye; for P, = By,po = Be,p1 = —0e,P2 I (‘202:)1 6346 8.052(234)E-03 (;42'467(441)]3' 0
= 7Y, etc.
Ye Apy  —4.4856(813)E-  1.934(546)E-07 O 0
Py Po 21 D2 P3 06
46Ti'00 X3A State “OTi'%0 X3A State
T, O 1014.642232 —4.611283418  —3.843378E-03 T, 0 1006.594674 —4.538425415  —3.752651E-03
B,  0.541149919 —0.003073155 —9.4132E-06 0 B,  0.532599783 —3.000610E-03  —9.118093E-06 0
D,  6.15486E-07 3.50849E-09 3.30541E-11 0 Dy,  5.96191E-07 3.37154E-09 3.15119E-11 0
H,  7.10663E-14 0 0 0 ,  6.77507E-14 0 0 0
A,  50.650414 0.001944475 —8.852114E-04 0 A,  50.650414 1.929052E-03 —8.712252E-04 0
Apy  —2.61946E-05 —1.1199E-06 0 0 Apy  —2.57807E-05 —1.09346E-06 0 0
Ay 1.749911 —0.005449355 3.031574E-04 0 . 1.749911 —5.406134E-03  2.983675E-04 0
Apy  6.79703E-07 0 0 0 Apy  6.68964E-07 0 0 0
49216, 3,
4674160 A% State TP 70 A"e State
T 14163554562 872.215449 3875084 T 0.011903 T, 14,163.554562  865.297539 —3.813858 ~1.162165E-02
B 5.128105E.01 0.003218 o 879706 3 5342F.07 B,  0.504708 —3.142379E-03  —5.695344E-06  —3.396222E-07
., . - —0. —5. - -3. -
D, 7.082973E-07 1.119223E-09 1.7994E-10 0 E v f'fgggigg'% (1)‘075536E'09 (1)’715431E'10 g
H, 1.180650E-13 0 0 0 v : )
A, 58010058 —1.064333E-01  0.001214 0 i” 520117%%5383]3 05 ;g‘;:ff;g o7 (1)'195161E'03 g
Apy  —4.246629E-05  2.640442E-07 0 0 ADV 70'516346 - 3.044192}3—03 2.454394E-04 0
Ay —5.163460E-01  3.068530E-03 —0.000249 0 AV - 4' 462678E.06 1' 9101 95E'07 ; ’ i 0
Apy  —4.534320E-06  1.965595E-07 0 0 bv " . . .
50m:16 3
4714160 XA State Ti"OX'A State
T, 0 1011.850914 —4.585946703  —0.003811745 ;V g 529981463 10203'721571?1?3 03 ’;'g;géégog: 83‘72501%'03
B, 0.538176569 —3.047862E-03  —9.31004E-06 0 DV 5 00343E.07 ; 33096E 09' ; 10495E 1'1 0
D,  6.08741E-07 3.46049E-09 3.25122E-11 0 HV 6‘ 756 4E' 14 0‘ . 0‘ ) o
Hy  6.99013E-14 0 0 0 A 50 65041;1 1.924305E-03 8.669421E-04 0
A, 50.650414 1.939125E-03 —8.803476E-04 0 v : ) ) o )
A 5 60506505 1 11068E.06 R o Ap,  —2.56539E-05 —~1.085411E-06 0 0
Dv T4 - -1 3
Ay 1.749911 —5.434364E-03  3.014917E-04 0 ;”V 2'2222; o7 ;5'39282%'03 5'969007E'04 g
Aoy 6.75969E-07 0 0 0 Dv : )

47Ti1°0 A%® State

T, 14,163.554562
B, 5.099929E-01
Dy 7.005352E-07
H, 1.161296E-13

A, 58.010058

Apy  —4.223296E-05
Ay —5.163460E-01
Apy —4.509407E-06

869.815953
—3.191863E-03
1.103912E-09
0
—1.061405E-01
2.618710E-07
3.060088E-03
1.949417E-07

—3.853792
—5.815239E-06
1.769884E-10

0

1.207676E-03

0
—2.480093E-04
0

—1.180466E-02
—3.485825E-07

[=l =l

Terms in parentheses for the source main **Ti'®0 isotopologue equilibrium constants

are 1 standard deviation.

4BTi160 X5A State

50Ti'%0 A3 State

Ty 14,163.554562
B, 0.502227

D, 6.793628E-07
H, 1.109048E-13
A, 58.010058

Apy,  —4.158986E-05
hy —5.163460E-01
Apy —4.440739E-06

863.167968
—3.119235E-03
1.062366E-09
0

—0.105329
2.559124E-07
3.036700E-03
1.905060E-07

—3.795109
—5.639484E-06
1.690256E-10
0

1.189286E-03
0
—2.442327E-04
0

—1.153605E-02
—3.354635E-07

(==l

Y./_k(xﬂ—(frzk)/z7

@

in which Yjx is a Dunham parameter and p is the reduced mass.

T, 0 1009.176435 —4.561736 —3.7816(420)
(654) (301) E-03
B, 0.535335360 —3.023758 —9.2120(912) 0
(164) (366)E-03 E-06
D,  6.023307(870) 3.4150(632)E- 3.20(180)E-11 0
E-07 09
H, 6.88(161)E-14 0 0 0
A,  50.650414(100)  1.934(166)E-03  —8.757(350)E- O
04
Ap, —2.59131(267)  —1.1019(524)E- 0O 0
E-05 06
Ay 1.749911(138) —5.420(258)E- 2.999(568)E-04 0
03
Ay 6.724(158)E-07 0 0 0
“BTi160 A3® State
T, 14,163.554562 867.516894 —3.833447 ~1.17113(623)
(548) (914) (453) E-02
B, 0.507300491 —3.166620 —5.754(322)E-  —3.440(406)E-
(369) (701)E-03 06 07
D,  6.931580E-07 1.0894(805)E- 1.742(265)E-10 0
(107) 09
H, 1.143(168)E-13 0 0 0
A,  58.0100584 —0.1058600 1.2013(169)E- 0
(943) (935) 03

Bernath [20] also details the relationship between Dunham param-
eters and conventional spectroscopic constants using customary energy
level expressions to obtain the origin, B, D, and H constants. The A, Ap, A
and MAp spin-orbit and spin-spin initial constants were obtained from
similar Dunham-like expansion parameters provided by Ram et al. [19].
There is no isotopic dependence for A or A, but Ap and Ap were scaled
with the same isotopic dependence as B. The derived equilibrium con-
stants are shown in Table 1.

The equilibrium constants were used to generate initial values for the
spectroscopic constants for v = 0 through v = 4 for both the A3® and X3A
states (Supplementary Table 2). These initial constants were used to
start the analysis of the isotopologue lines in the 0-0 and 0-1 bands. The
ground state constants were held fixed to the calculated values in
Table 2 and Supplementary Table 2, and the v = 0 A3® constants were
fitted. Updated Ao spectroscopic constants for v = 0 derived from the
PGOPHER rotational analysis are shown in Table 3. A line list was
calculated for all the isotopologues for the 0-0, 0-1, 0-2, 0-3 The line
list table is available with a separate table for each isotopologue, in total
containing 183,212 lines.

The equilibrium vibrational and rotational constants (Table 1) were
also input into LeRoy’s Rydberg-Klein-Rees (RKR) program [21] to
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Table 2
Table 2 is the calculated spectroscopic constants for A>® v = 0. The complete set of calculated spectroscopic constants are provided in Supplementary Table 2.
46Ti160 47Ti160 48Ti160 49Ti160 SOTilﬁo
T 14,092.5242 14,092.7191 14,092.9059 14,093.0861 14,093.2591
B 0.5111999 0.5083955 0.5057157 0.4999806 0.5006659
D 7.089019E-07 7.011314E-07 6.937463E-07 6.880913E-07 6.799362E-07
H 1.180650E-13 1.161296E-13 1.143000E-13 1.125567E-13 1.109048E-13
A 57.95715 57.95729 57.95743E 57.85436 57.95769
Ap —4.233427E-05 —4.210203E-05 —4.188010E-05 —4.140861E-05 —4.146190E-05
A —0.5148741 —0.5148780E —0.5148817 —0.5123320 —0.5148887
Ap —4.436041E-06 —4.411936E-06 —4.388900E-06 —4.174799E-06 —4.345486E-06
Table 3

Spectroscopic constants for the v = 0 A%® state of the minor isotopologues of TiO in cm ™! obtained from rotational analysis. The major isotopologue “*Ti'0 constants

are from Ram et al. [19] and included for reference. Terms in parentheses are 1 standard deviation.

464160 4774160 484160 4974160 5074160
T 14,092.47573(73) 14,092.70196(74) 14,092.905684(193) 14,093.10467(74) 14,093.29833(76)
B 0.5112005(16) 0.5083876(16) 0.505716075(244) 0.5031484(16) 0.5006448(16)
D 7.1031(80)E-7 6.9804(80)E-7 6.937508(942)E-7 6.9349(80)E-7 6.6164(81)E-7
H 3.9(11)E-13 —1.5(11)E-13 8.25(102)E-14 9.9(11)E-13 —2.96(11)E-12
A 57.95700(18) 57.95680(16) 57.9573454(742) 57.95792(18) 57.96225(19)
Ap —4.2117(79)E-5 —4.1542(79)E-5 —4.18140(290)E-5 —4.1320(80)E-5 —4.2521(81)E-5
A —0.51486(49) —0.51359(49) —0.515184(168) —0.51472(49) —0.51313(50)
Ap —5.32(23)E-6 —5.31(23)E-6 —4.2199(692)E-6 —5.67(23)E-6 —7.17(23)E-6
Table 4 Table 6

Transition-dipole Moment Matrix Elements for TiO A3®-X>A Transition.

Band Transition-dipole Moment Matrix Element (debye)

Vv %Til6g 4774160 48160 497160 507160
0-0 2.07264 2.07149 2.07091 2.07053 2.06635
0-1 1.02271 1.02440 1.02546 1.02628 1.03152
0-2 3.56732E-1 3.58126E-1 3.59009E-1 3.59710E-1 3.62588E-1
0-3 9.71877E-2  9.78218E-2  9.82541E-2  9.86166E-2  1.00568E-1
0-4 2.16345E-2  2.17894E-2  2.19642E-2  2.21422E-2  2.28013E-2

Table 5

Calculated TiO X3A v = 0 state spectroscopic constants compared with Lin-

cowski et al. [23] in cm

-1

. Numbers in parentheses are 1 standard deviation.

Calculated Lincowski et al. [23]
46Ti160
B 0.5396110 0.539608942(21)
D 6.172487E-07 6.17727E-07(56)
Ap —2.675451E-05 —2.73022E-05(47)
Ap 6.797033E-07 6.288E-07(83)
47Ti160
B 0.5366503 0.536649311(22)
D 6.104796E-07 6.10686E-07(63)
Ap —2.660597E-05 —2.68983E-05(57)
Ap 6.759687E-07 7.23E-07(26)
494160
B 0.5310972 0.531098327(19)
D 5.978842E-07 5.98301E-07(32)
Ap —2.632742E-05 —2.61548E-05(47)
Ap 6.689640E-07 6.32E-07(11)
5074160
B 0.5284900 0.528492094(24)
D 5.920160E-07 5.92513(60)E-07
Ap —2.619665E-05 —2.58065(53)E-05
Ap 6.656753E-07 6.104(97)E-07

generate potential energy curves for the A and X states of all iso-
topologues. The potential energy curves, along with the transition dipole
moment for the A3®-X3A transition, obtained from McKemmish et al.

Comparison of equilibrium constants for the TiO X>A state (cm™'). The equiv-
alent Dunham parameter symbol is shown in parentheses next to the equilibrium
constant symbol in the first column.

Breier et al. [24]

Witsch et al. [25]

Calculated (this work)

4674160

we (Y10) 1014.641593 1014.639822 1014.642261

WeXe (-Y20) 4.610977103 4.610454558 4.611283418

Be (Yo1) 0.541314542 0.54131547 0.541149932

ae (-Y11) 0.003072747 0.003072671 0.003073155

Ye (Y21) —9.56609E-06 —9.47517E-06 —9.4132E-06

4774160

we (Y10) 1011.850278 1011.848511 1011.850943
WeXe (-Y20) 4.585642071 4.585122397 4.585946703

Be (Yo1) 0.538340288 0.53834121 0.538176582

ae (-Y11) 3.04745722E-03 3.04738199E-03 3.04786210E-03
Ye (Y21) —9.46126E-06 —9.37133E-06 —9.31004E-06
4874160

we (Y10) 1009.1758 1009.174038 1009.176464
WeXe (-Y20) 4.561432976 4.560916046 4.561736

Be (Yo1) 0.535498214 0.535499131 0.535335373

e (-Y11) 3.02335632E-03 3.02328169E-03 3.02375800E-03
Ye (Y21) —9.36162E-06 —9.27264E-06 —9.2120E-06
4974160

we (Y10) 1006.594041 1006.592284 1006.594703
WeXe (-Y20) 4.538123939 4.537609651 4.538425415

Be (Yo1) 0.532761805 0.532762717 0.532599796

ae (-Y11) 3.00021181E-03 3.00013775E-03 3.00061042E-03
Ye (Y21) —9.26619E-06 —9.17812E-06 —9.11809E-06
5074160

we (Y10) 1004.116728 1004.114975 1004.117388
®eXe (-Y20) 4.515814015 4.515302255 4.516114009

Be (Yo1) 0.530142688 0.530143596 0.529981476

ae (-Y11) 2.97811496E-03 2.97804144E-03 2.97851063E-03
Ye (Y21) —9.17531E-06 —9.0881E-06 —9.02866E-06

[6] Fig. 4 and Eq. (4), were then input into LeRoy’s LEVEL program [22],
which generated transition-dipole moment matrix elements, shown in

Table 4.
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3. Discussion

The X3A constants used in our analysis were calculated using the
isotopic relationships. The reliability of these constants can be assessed
by comparison with recent independent measurements. Lincowski et al.
[23] published B, D, Ap and Ap spectroscopic constants for the XAV =
0 state for all four minor isotopologues from pure rotational transitions.
The published constants were based on about 10 submillimeter lines for
each isotopologue. The two sets of constants are shown for comparison
in Table 5.

In addition, Breier et al. [24] conducted a mass-independent analysis
of the isotopologues of TiO, recording over 130 pure rotational transi-
tions in the X°A state in the mm wave region (below 20 em™ D) using a
laser ablation source. That work was followed by Witsch et al. [25] also
using a laser ablation source to record rovibrational lines in the X3A
state around 1000 cm~!. Both papers published mass-independent
constants for the TiO X°A state.

Those constants were converted to Dunham parameters using the
equation using Eq. (1) in Breier et al. [24]. A comparison of the equi-
librium constants extracted from those two papers with the calculated
X3A state equilibrium constants used in this work are shown in Table 6
with satisfactory agreement.

A limited comparison was also made between the line list produced
by this research and the ExoMol TiO line list [6]. A section of the
spectrum was chosen between 14,145 and 14,169 cm™! to match Fig. 11
in McKemmish et al.’s paper [6]. That region of the spectrum contains
the 0-0 band of the A3®-X3A transition and includes lines from all four
minor isotopologues, predominantly R and Q branch lines, with J
ranging from 11 to 45. 71 lines were compared with an average differ-
ence of 0.015 cm ™! suggesting the reliability of the ExoMol calculations.

4. Conclusion

A new line list for the TiO minor isotopologues for the A3®-X3A
transition has been produced from the TiO emission spectrum recorded
in 1985 at the McMath-Pierce Solar Telescope. The list strengthens
current experimental TiO line lists and has also produced spectroscopic
constants for all four minor isotopologues in the v = 0 A3® state. The
isotopologue line lists for v=0 and v'=0-4 are available as supplemental
files.
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