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Motivation

▪ Pentsak, E. O., Murga, M. S., & Ananikov, V. P. 2024, ACS Earth and SpaceChemistry, 8, 798

▪ Nickerson, Sarah, et al. "The mid-infrared molecular inventory toward orion IRc2." The Astrophysical Journal 945.1 (2023): 26.

▪ https://images.nasa.gov/

➢ Acetylene is among the simplest organic molecules found abundantly in outer space.
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Motivation

▪ Pentsak, E. O., Murga, M. S., & Ananikov, V. P. 2024, ACS Earth and SpaceChemistry, 8, 798

▪ Woods, Paul M. "Carbon isotope measurements in the Solar System." arXiv preprint arXiv:0901.4513 (2009).

▪ Schöier, F. L., & Olofsson, H. (2000). The 12C/13C-ratio in cool carbon stars. arXiv preprint astro-ph/0005360.

➢ Carbon, the primary element in acetylene is mainly formed in thermonuclear fusion reaction at the 

stars of intermediate masses (from ∼ 0.8M⨀ to 8M⨀ ).

➢ 12C/13C is an important diagnostic tool for probing the Galactic chemical evolution or simply the 

nucleosynthesis history of the Galaxy.  (AGB Star =>  (12C(p,γ)13N(β+)13C) ) 

➢ Observations have shown that the carbon star Y CVn has a 12C/13C ratio of 3.5 (13C ≈ 𝟐𝟐%)

12C/13C ratio of 90 (13C ≈ 𝟏. 𝟏%)

Y Cyn [La Superba]
(Carbon star)
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Motivation

▪ Stahler, S. W., & Palla, F. (2008). The formation of stars. John Wiley & Sons.

▪ Nickerson, Sarah, et al. "The mid-infrared molecular inventory toward orion IRc2." The Astrophysical Journal 945.1 (2023): 26.

▪ Evans, Neal J., J. H. Lacy, and John S. Carr. "Infrared molecular spectroscopy toward the Orion IRc2 and IRc7 sources-A new probe of physical conditions and abundances in molecular clouds.

▪ Rangwala, Naseem, et al. "High spectral resolution SOFIA/EXES observations of C2H2 toward orion IRc2." The Astrophysical Journal 856.1 (2018): 9.

➢ IRTF : NASA Infrared Telescope 
Facility

▪ 2015 : 13 lines observed
▪ 2018 – 2020 : 87 lines observed

➢ IRc2 : The brightest source among the 'IRc' sources in the KL nebula, a region of the Orion Molecular 

Cloud. (Interesting point : Its nature remains unclear)

▪ Blue Clump (blueshifted)
−7.1 ± 0.7 km/s

▪ Red Clump (redshifted)
+1.4 ± 0.5 km/s

➢ Two kinematic components
(About velocities relative to the LSR)

▪ 1990 – 1991 : 8 lines observed

➢ SOFIA : Stratospheric Observatory 
for Infrared Astronomy



Quantum chemical calculations : Infrared active and inactive

▪ McQuarrie, D. A. (2008). Quantum chemistry. University Science Books.

▪ Atkins, P. W., De Paula, J., & Keeler, J. (2023). Atkins' physical chemistry. Oxford university press.

▪ Herman, Michel. "The acetylene ground state saga." Molecular Physics 105.17-18 (2007): 2217-2241.

➢ Infrared absorption spectra

✓ The motion corresponding to a normal mode must be accompanied by a change of electric

dipole moment.

▪ Infrared active : Change of electric dipole moment.

▪ Infrared inactive : No change of electric dipole moment.

• for example(Infrared active) : 12𝐶2𝐻2 𝜈3, 𝜈5 , 13𝐶𝐶𝐻2 𝜈1~𝜈5

• Symmetric isotopologues of acetylene(𝟏𝟐𝑪𝟐𝑯𝟐),
      two nuclear spin isomers ( para(even) : ortho(odd) = 1:3 ) exist.

Normal modes of Acetylene

(Infrared inactive)

(Infrared inactive)

(Infrared active)

(Infrared inactive, doubly degenerate)

(Infrared active, doubly degenerate)

❖ Normal modes of Acetylene : 𝟑 × 𝟒 − 𝟓 = 𝟕 ⇒ 𝟓 𝐝𝐨𝐮𝐛𝐥𝐲 𝐝𝐞𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐞



Why Study the Mid-Infrared Region?

▪ Rangwala, Naseem, et al. "High spectral resolution SOFIA/EXES observations of C2H2 toward orion IRc2." The Astrophysical Journal 856.1 (2018): 9.

X-ray UV Vis Infrared Microwave Radio

NIR MIR FIR

Molecular vibrations

5~28 μm

➢ C2H2 has no permanent dipole moment, it cannot be observed via rotational transitions at 
radio wavelengths like CO or HCN.

➢ C2H2 can only be studied in the mid-infrared (MIR; 5~28 μm), where its ro-vibrational 
transitions. 

➢ Its ν5 ro-vibration band at 13.7 μm is the strongest
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▪ Rotational energy
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▪ rotational constant

= ℎ𝑐 ෨𝐵𝐽 𝐽 + 1
❖ 𝐽:  angular momentum quantum number

➢ Chemical Conventions 

✓ wavenumber[cm−1] =
104

𝜆[𝜇m]



Quantum chemical calculations : Ro - Vibration spectrum

▪ Atkins, P. W., De Paula, J., & Keeler, J. (2023). Atkins' physical chemistry. Oxford university press.

▪ Chang, R., & Thoman Jr, J. W. (2014). Physical chemistry for the chemical sciences. Royal Society of Chemistry.
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Symbol Description

ሚ𝑆 Ro-Vibration terms

෨𝐺 Vibrational terms

෨𝐹 Rotational terms

ǁ𝜈𝑃, ǁ𝜈𝑅, ǁ𝜈𝑄 Spectral branches(P, R, Q)

❖ 𝜈𝑖  (vibrational quantum number)= 0,1,2, …
❖ 𝐏𝐚𝐫𝐭𝐢𝐭𝐢𝐨𝐧 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧

J state



Quantum chemical calculations : Centrifugal distortion constant (linear rotor)

▪ Atkins, P. W., De Paula, J., & Keeler, J. (2023). Atkins' physical chemistry. Oxford university press.

෨𝐹 = ෨𝐵𝐽 𝐽 + 1 −෩𝐷𝐽𝐽2 𝐽 + 1 2

෨𝐵 =
ℏ
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▪ Increase in bond length of molecules

▪ Increase in moment of inertia

▪ Decrease in rotational constant

▪ Decrease in rotational energy

Molecular rotation Centrifugal distortion constant

෩𝐷𝐽 =
4 ෨𝐵3

ǁ𝜈2

A molecule is not a rigid body!

(linear rotor)



Quantum chemical calculations

▪ All quantum chemical 
calculations were performed 
using the Gaussian16

1
3H ∶ 12.32 y 

4
10Be ∶ 1.51 × 106 y

6
14C ∶ 5700 y

13
26Al ∶ 7.17 × 105 y

14
32Si ∶ 153 y

➢ Isotopes : NNDC (half-life) 



TOPSEGI (Python package)

➢ TOPSEGI : Python-based software package developed to improve the accuracy of 
molecular temperature and column density estimations in interstellar environments

▪ Lee, M., Park, J., Oh, S., Cheoun, M.K., Park, S.Y., 2025(arXiv:2501.15824).
▪ The package is implemented in Python 3 and is freely available on GitHub at https://github.com/BrownNo28/ISM.

➢ Chojeong, in central Korea, is my hometown !

➢ Originates from a dialect in central Korea, meaning "dust(ほこり)" or "tiny particles“.

椒井藥水椒井行宮

➢ This name symbolizes the focus on analyzing 
molecular components, which, like dust in the 
universe, are the fundamental building blocks of the 
ISM.

M42
(Orion Nebula)

▪ map.naver.com/, ko.wikipedia.org/, www.kctg.or.kr/



TOPSEGI (Python package)

▪ Goldsmith, P. F., & Langer, W. D. 1999, The AstrophysicalJournal, 517, 209

▪ Nickerson, Sarah, et al. "The mid-infrared molecular inventory toward orion IRc2." The Astrophysical Journal 945.1 (2023): 26.

➢ Quadtree : 2D-optimization algorithm(This work)

N𝑖
theo = N𝑖

theo N, T

➢ Rotation Diagram (Traditional)
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Single-parameter fitting

▪ Assuming LTE(Local Thermodynamic Equilibrium)
Two-parameter fitting



TOPSEGI (Flowchart)

➢ Select 𝐂𝟐𝐇𝟐 and  Its Isotopologues
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TOPSEGI (Flowchart)

➢ Theoretical plot

Predict spectra without observations



TOPSEGI (Flowchart)

➢ Rotational diagram

▪ Assuming LTE(Local Thermodynamic Equilibrium)



TOPSEGI (Flowchart)

➢ Rough grid

The X-shaped hatching indicates regions
where ∆χ2 is too large, making numerical
calculations infeasible.



TOPSEGI (Flowchart)

➢ Quadtree

improved precision



Result

➢ The increase in uncertainty arises from the limited
number of observational data points (four) used in the
fitting process.

The RD method overestimates the 12C/13C ratio.



Result (example : pseudo data of 13C2H2)

For instance, astronomical environments such as Y CVn : 3.5 (12C/13C) ≈ 22.2%(
13𝐶

12𝐶+13𝐶
)



Future work : HNC 

▪ https://hitran.org/

▪ Nickerson, Sarah, et al. "The first mid-infrared detection of HNC in the interstellar medium: Probing the extreme environment toward the orion hot core." The 

Astrophysical Journal 907.1 (2021): 51.

ID Formula

1 𝟏𝐇  
𝟏𝟐𝐂  

𝟏𝟒𝐍

2 𝟏𝐇  
𝟏𝟑𝐂  

𝟏𝟒𝐍

3 𝟏𝐇  
𝟏𝟐𝐂  

𝟏𝟓𝐍

4 𝟐𝐃  
𝟏𝟐𝐂  

𝟏𝟒𝐍

5 𝟐𝐃  
𝟏𝟑𝐂  

𝟏𝟒𝐍

6 𝟏𝐇  
𝟏𝟑𝐂  

𝟏𝟓𝐍

7 𝟐𝐃  
𝟏𝟐𝐂  

𝟏𝟓𝐍

8 𝟐𝐃  
𝟏𝟑𝐂  

𝟏𝟓𝐍



Summary

➢ Acetylene is among the simplest organic molecules found abundantly in outer space.

➢ 12C/13C is an important diagnostic tool for probing the Galactic chemical evolution or 

simply the nucleosynthesis history of the Galaxy.  (AGB Star =>  (12C(p,γ)13N(β+)13C) )

➢ The rotational diagram (RD) method overestimates the 13C/12C ratio, while the χ² method 

reduces uncertainties for more accurate and reliable results.

➢ The RD method overestimates the 12C/13C ratio.

➢ TOPSEGI (Python package) developed in this study facilitates efficient χ2 fitting and 

isotopic ratio analysis.

➢ Future work will expand to include the analysis of molecules and isotopologues 

in space, such as HCN.



Thank you for your attention
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