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Molecules in Cool Stars, C13C
C2 Swan System in a 
carbon-enhanced 
metal-poor (CEMP) star
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Line list:
Ram et al. ApJS 211, 5 (2014) 
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CEMP star:

Terrestrial 13C   isotope 
abundance is 1%. 



It’s All Spectroscopy

Spectra of Atoms and Molecules, 
Oxford University Press

Textbook aimed at graduate 
students and senior undergrads. 
Particularly useful treatment  of 
the confusing topic of line 
intensities needed for remote 
sensing. 4th edition  added 
chapters on atmospheric and 
astronomical spectroscopy.

5th edition (2025) has a chapter 
added on the new spectroscopy 
of clouds and aerosols from ACE 
satellite data.



Atmospheric Chemistry 
Experiment (ACE) 

Satellite 

Bernath, JQSRT 186, 3 (2017); See http://www.ace.uwaterloo.ca/

Solar occultation has the 
same limb geometry as 
exoplanet transit 
(transmission) 
spectroscopy.



New ACE Infrared Earth Atlases 

NO

ACE Earth atlases 
are models for 
Earth-like 
exoplanet 
atmospheres.



Line List Requirements

From Beer-Lambert law:

Need a lineshape function g(ν-ν10) (assumed to be Voigt; H2, He and CO2 pressure 
broadening parameters needed) and a line strength S’ in SI units, from Bernath, Spectra 
of Atoms and Molecules:

Line list requirements 1. line position, ν10, 2. partition function, QT (calculated, 
Q(T)=Σgiexp(-Ei/kT)), 3. line intensity, SJ′J″ (or S′), and 4. lower state energy, Elow.
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Molecular data at high spectral resolution for samples at low and 
high temperatures.
Although observations may be at low spectral resolution, underlying 
radiative transfer is at high resolution.



Molecular Opacities
Create line list and then compute opacity tables (absorption cross-section as a 
function of wavelength) suitable for a range of temperatures, pressures and 
compositions.

Line lists (ν10, S′, Elow) can be created by:
1. Ab initio calculation. Solve the electronic Schrödinger equation (Hψ=Eψ) to 

obtain potential energy functions and (transition) dipole surfaces, then 
vibration-rotation Schrödinger equation for each electronic state to obtain 
energy levels (transitions) and wavefunctions (intensities).
2. Experimental measurement.
3. Combination of 1 and 2.

Ab initio calculations provide the large number of transitions needed at high 
temperature, but line position accuracy is too low. Experimental measurement 
has required accuracy, but not the millions (billions) of lines needed. However, 
calculated line intensities can be as good as experiment for small molecules.   



MoLLIST Website



Semi-empirical Method (James Brooke)

Ab initio

Electronic (transition) 
dipole moment function

Case (b) vibrational wavefunctions and transition 
dipole moment matrix elements  

Einstein As and f-values – line list with 
positions and intensities
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Potential energy curve
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Case (a) matrix elements

Hund’s case (b) to (a)



Special Issue: 
JQSRT Jan 2017

Colin Western 
1957-2021

Bob LeRoy  1944-2018



TiO
Key molecule for classifying M stars 
by their optical spectra

Found in stratospheres of hot Jupiter 
exoplanets: responsible for 
stratosphere formation (temperature 
inversion) 

Complex spectra typical of transition 
metal oxides (open d-shell)

McKemmish et al. 2017Antares M1.5I (M supergiant)

Fowler 1907



TiO Spectroscopy

In press Astrophys. J.

Tylenda et al. 2015
V4332 Sgr: stellar merger

B-X

Å



TiO B-X Transition 
TiO B-X Δv=+1 
sequence in emission 
(T = 2300 K)

TiO B-X Δv=+1 sequence 
Simulated with PGOPHER

Carbon furnace at ODU

TiO 1-0 
head



Stellar TiO B-X

30 Her (M6 III); obs. (back), TiO B-X calc. red; Vertical lines, TiO band  heads
Deep absorptions: ScO A2Π-X2Σ+ band heads (ScO based on L. Lavy, et al. 2024)

ScO
ScO

ScO
ScO

TiO 4-3

TiO 3-2



ScO Hollow Cathode Emission Spectrum

Composite wall (Sc2O3/Cu) hollow cathode 
lamp; Ar carrier gas with 0.8 A current



ScO A2Π-X2Σ+ Transition

L. Lavy, A. Pastorek, P. F. Bernath, The A2Π−X2Σ+ band system of ScO for M-type star spectral analysis, ApJ 975, 180 (2024). 



(0,0) (1,1)

(2,2) (3,3)

(4,4)

2Π-2Δ Perturbations

spin–orbit coupling

rotation-orbit coupling

Reported previously by R. Stringat
et al. (1972) for v = 0 and by S. F. 
Rice et al. (1989) for v = 1.

Lines are all doubled by 
hyperfine structure.



RESULTS

Fit of the A’2∆ state that we see only through the perturbation of A-X

A2Π

A’2∆

Reported previously by R. Stringat
et al. (1972) for v = 0 and by S. F. 
Rice et al. (1989) for v = 1.



A-X transition dipole matrix elements (debye)

Line list

(F = J + I)



ScO B2Σ+ - X2Σ+ Transition



CH4 in K2-18 b with JWST

Madhusudhan et al. ApJL  956:L13 (2023) 
CH4 data from HITEMP (Hargreaves et al. 2020)

K2-18 b: M dwarf planet, 8.6 Earth masses, Tequil = 265 K



Hot CH4 Absorption
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Profile from the side:

Hargreaves et al. 
ApJ 813, 12 (2015)



CH4 Transmission (700°C)

1: Hot CH4 + Lamp 

3: No sample + Lamp 

2: Hot CH4 + no lamp 

4: No sample + no 
lamp 

Transmission 

= (1-3)/2-4)



CH4 Quasi-continuum



CH4 
Comparisons 
with HITEMP 

2020 and 
ExoMol 2014

Hargreaves et al. 2020



MM ExoMol 2024; TheoReTS Reims 2017; Wong 2019
MM: Yurchenko et al. 2024; Rey et al. 2017

ApJS 240:4 (2019)



CH4 and C2H6

Moses et al. 2011, 
photochemical model for 
hot Jupiter, HD189733b

Line et al. 2011, 
photochemical and 
thermodynamic model 
for hot Neptune, GJ436b 



Holmberg and Madhusudhan: “we found potential hints of C2H6, at a lower significance of 1.8–2.3σ 
across the retrievals. C2H6 is known to be a photochemical byproduct of reactions involving CH4”

A&A, 683, L2 (2024)

M-dwarf 
planet, 4.8 
Earth masses
Teq = 340 K



Hot Ethane Cross-Sections (3.3 μm)

Hargreaves et al. 
2015
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