Determination of 1#C/13C Ratios in Orion IRc2
Acetylene Isotopologues Using TOPSEGI
and Quantum Chemical Calculations




‘H—@—m » Acetylene is among the simplest organic molecules found abundantly in outer space.

Object Measurement technique Investigation Range Ref.
Year cem ! pam
Planets Jupiter Cassini/CIRS mid infrared spectra 2006 670 ~ 760 14.9 ~ 13.2 (1)
Saturn ISO-SWS 1997 666.7 ~ 714.3 15 ~ 14 (2)
Uranus ISO (Infrared Space Observatory) 1998 694.4 ~ 769.2 13 ~ 14.4 (3)
Neptune Voyager 2/IRIS 1991 720 ~ 740 13.9 ~ 13.5 (4)
Satellites Titan TEXES 2017 7429 ~ T46.7 13.5 ~ 134 (5)
Comets Hyakutake Infrared Telescope Facility at Mauna Kea 1996 3282 ~ 3288 3.047 ~ 3.041 (6)
Cryogenic echelle spectrometer (CSHELL)
Carbon star IRC +10216 TEXES 2008 714.29 ~ 909.09 14 ~ 11 (7
Orion TRc2 SOFIA/EXES 2018 750.19 ~ 771.60 13.33 ~ 12.96 (8)

References— (1) Nixon et al. 2007; (2) de Graauw et al. 1997; (3) Encrenaz et al. 1998; (4) Bézard et al. 1991; (5) Bézard et al. 2022;
(6) Brooke et al. 1996; (7) Fonfria et al. 2008; (8) Rangwala et al. 2018&;

NoTE—We focus on the frequency ranges exhibiting infrared activity among various acetylene observation data.

Jupiter Saturn & Titan Hyakutake IRC +10216 Orion IRc2
(Planet) (Planet & Satellite) (Comet) (Carbon star)

= 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/




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

stars of intermediate masses (from ~ 0.8Mg to 8Mg, ).

» 12C/13Cis an important diagnostic tool for probing the Galactic chemical evolution or simply the
nucleosynthesis history of the Galaxy. (AGB Star => (12C(p,y)13N(B+)13C) )

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

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




» 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)
» Two kinematic components

(About velocities relative to the LSR)
=  Blue Clump (blueshifted)
-7.1 £ 0.7 km/s

LA 2

o, . Aldeba;a?\‘_“-ﬂ Orion A Cloud

= Red Clump (redshifted)
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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.




Quantum chemical calculations : Infrared active and inactive

» Infrared absorption spectra
v" The motion corresponding to a normal mode must be accompanied by a change of electric

dipole moment. . i

= Infrared active : Change of electric dipole moment. @
= Infrared inactive : No change of electric dipole moment. (b)

« for example(Infrared active) : 2C,H, (vs,vs), *CCH,(vy~Vs)

* Symmetric isotopologues of acetylene(lZC 2H>), te)
two nuclear spin isomers ( para(even) : ortho(odd) = 1:3 ) exist.
% Normal modes of Acetylene:3 X4 — 5 = 7 = 5 (doubly degenerate)

Label Normal mode Description
1 CH symmetric stretch (Infrared inactive)
Vo CC symmetric stretch (Infrared inactive)
V3 CH antisymmetric stretch (Infrared active)
V4 Symmetric bend (Infrared inactive, doubly degenerate)
s Antisymmetric bend (Infrared active, doubly degenerate)

Normal modes of Acetylene

= 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.



Why Study the Mid-Infrared Region?

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

» C,H, can only be studied in the mid-infrared (MIR; 5~28 um), where its ro-vibrational
transitions.

> lts v. ro-vibration band at 13.7 um is the strongest

5728 um
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\\ ’/
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\\ ) _ - -
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» Chemical Conventions
= Wavenumber = Rotational energy = Momentofinertia = rotational constant
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% J: angular momentum quantum number A[ﬂm]

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




Quantum chemical calculations : Ro - Vibration spectrum

Symbol  Description 4J state
S Ro-Vibration terms .
G Vibrational terms e ©
F Rotational terms
Vp, Vg, Vg Spectral branches(P, R, Q) 4
G + ) =
~ ~ ~ = ‘V — ‘V v'=0
S=G+F , 2 !
F=BJJ+1) S
¢ v; (vibrational quantum number)= 0,1,2, ... & Partition function
p=S(vo+1,9,B,] —1)—5(vo,%,B,]) =¥ — 2B] 0 o
. _ ~ _ Qrot = z (2Js + 1) exp (‘ﬁ)
Vo =S(vo+1,7,B,]) —S(vo,%,B,]) =7 f5=0

g =S(vo+1,9,B,]+1) = S(vo, ¥,B,]) =9+ 2B(J + 1)

= 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.




Quantum chemical calculations : Centrifugal distortion constant (linear rotor)

A molecule is not a rigid body!

Molecular rotation Centrifugal distortion constant

= |ncrease in bond length of molecules

= |ncrease in moment of inertia
) ) 3
= Decrease in rotational constant ~ 4B

= Decrease in rotational energy

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




Quantum chemical calculations

Proton [#]
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» Isotopes : NNDC (half-life)

‘H:12.32y
19Be: 1.51 x 10°y
4Cc: 5700y
28A1: 7.17 X 10° y
32Si: 153y

= All quantum chemical

calculations were performed
using the Gaussian16
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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/BrownNo028/ISM.

» Chojeong, in central Korea, is my hometown !

WF 2K

A\ ,
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Y

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)

> Rotation Diagram (Traditional) > Quadtree : 2D-optimization algorithm(This work)
Single-parameter fitting Two-parameter fitting
= Assuming LTE(Local Thermodynamic Equilibrium) heo xrobs <2
Xz:z N -N  Neo = N 8L oy _E
Wy _tE N 2|7 o) T Nom TP T
9j Tex k QR(Tex)
y=ax+b

h
N;-Cheo = N;-Cheo (N,T)  Quadiree Nodey,(h) = ) 4"

+ Analysis Tool : Rotation Diagram pry

+ Structure : (0). C,H,, symmetric(odd)
(a)
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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.




TOPSEGI (Flowchart)

Command Line Interface Input card
» Select C;H, and Its Isotopologues ( cmote ) ( — ) ( )
i mode Shell Script
I
/
** HITRAN Select C;H, and
(high- Its Isotopologues

resolution transmission

molecular absorption ~
Theoretical plot :

database) x=]J,
y = logo(N/Ny)

HITRAN

3
Observed _
4 data no
yes
G 5 Rotational diagram
czan-‘ 6 Rough grid
O Quadtree
= |7
Output
8 (Data and Figure)
9

( End program )




TOPSEGI (Flowchart)

» Theoretical plOt ( ¢ mode ) ( i mode ) ( Shell Script )
I |
Select C;H; and
+ Structure : (0). C;H5, symmetric(odd) Its Isotopologues
17.5
—— T[K]=100
15.01 ---- T[K] =300 o
......... T[K] =500 y = log1o(N/Ny)
~ 1257 _ . 1[K]1=1000
= Observed
- no =
yes
Rotational diagram
Rough grid
Quadtree
Output
(Data and Figure)

Predict spectra without observations

( End program )




TOPSEGI (Flowchart)

> Rotational dlagram ( oo ) ( — ) ( Shell Seript )
=  Assuming LTE(Local Thermodynamic Equilibrium) | I
N ; 1 (E / N Select C;H; and
Inl—]|==——1—1|+1In . — Its Isotopologues
gt) T \kg o)) y=ax+b
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= —— = =Ju
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= ®\®
= 4
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< \®
294 | h 0
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ob=(3.22+£0.01) x 10! _
284 oTIKI=(1.75+0.12) x 102 | (Data and Figure)
§N[cm‘2] =(1.50 £ 0.15) x 1016_

0 200 400 600 800
E\/ko K] (___Endprogram )




TOPSEGI (Flowchart)

> Rough gl“ld ( ¢ mode ) ( i mode ) ( Shell Script )
I |
4+ Analysis Tool : Roughly Grid Test (50x50) Select C;H; and
+ Structure : (0). CoH,, symmetric(odd) Its Isotopologues
40
i Theoretical plot :
% This Work oo
* Rotation Diagrams 32 Y = logio(N/N))
:ii % 0.::::020::.’.&?.’.’.?00.o‘“.o.“.o.o.o.o?z
— >
(T Eg. 24 no =
c hole® 5
) yes
= 16 Rotational diagram
8 Rough grid —|i
0 Quadtree
140 160 180 200
TIK]
Output
The X-shaped hatching indicates regions (Data and Figure)

where Ax2 is too large, making numerical
calculations infeasible. ( End program )




TOPSEGI (Flowchart)

» Quadtree
Q ( cmode ) ( i mode ) ( Shell Script )
+ Structure : (0). CoH,, symmetric(odd) [ |
lel6
RO N 40
O This Work
L . . Select C;H; and
% Rotation Diagram 32 Its Isotopologues
24
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X :]b
-16 y = log1o(N/Ny)
-8
oT'[K] =1.92 x 102 Observed no -
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X K X X X XXX XXMM X L 0
180 200 220 . .. es
TIKI improved precision Y
5 + Structure : (0). CyHz, symmetric{odd) Rotational diagram
2= This Work: T[K] = (1.92%3:93) x 102
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’2'2 3] Branch Q
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e
322 2
Output
11 @\E oD (Data and Figure)
0 . | | ‘ ‘
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+ Structure : (0). C;H3, symmetric(even)

Species Source Estimated Temperature Estumiscd Column Density Method ss= This Work: TIK] = (1.61+383) x 107
T(K) N (em™)
Bluc C1 4] ®== RD:T[K]=(1.45+0.09)x 102
ue L ump L Branch P
C-H: (even, Para) Nickerson et al. (2023) 145+9 (1.23+0.15) % 10" RD E: 3 Branch Q
This work 16173 (0.983°001%) x 10" X 57| @ Branchr
C,H, (odd, Ortho)  Nickerson et al. (2023) 175+ 12 (150 = 0.15) x 10™ RD E
This work 19215 (1.31:001%) x 10'¢ X 821
“CCH, Nickerson et al. (2023) 91 =9 (256 £ 0.18) x 107 RD M
This work §7.1+123 (2.45:070) x 1013 ¥ 1S m
Red Clump
C,H, (even, Para) Nickerson et al. (2023) 158 £ 16 (3.09 £ 057)x 107 RD % 5 10 15 20 25 30
This work 170+ (2.43:018y % 1013 ¥ i
. _ =10 el W E =
gl 3
C:H; (odd, Ortho)  Nickerson et al. (2023) 229 + 27 (3.58+071) x 10 RD + Structure : (1). 1°CCH,, asymmetric
This work 2703, (2.657017) % 10" ¥ 5 . —
*CCH; Nickerson et al. (2023) 64 =6 (6.74 = 0.64) x 107 RD
This work 64.41 701 (6.697 %) x 10 X 4
2 34
=
E
i

» The increase in uncertainty arises from the limited

number of observational data points (four) used in the
fitting process. % 5 10 15 20 25 30

lﬂﬂ_l" C  2(N(Ortho — CoHy) + N(Para — CoHy))

QR N(SCCHy
Source | Clump | Blue Clump Method | Red Clump Method
Nickerson et al. (2023) ("“C/"°C) | 21.3+2.2 RD 19.8+34 RD
This Work (12C/C) 18.72+154 X 15.07+161 42 (12C) + RD (13C)

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



Result (example : pseudo data of 13C2H2)

For instance, astronomical environments such asY CVn : 3.5 (12C/13C) = 22.2%(—122(;36)

TNE —— WLR(y = ax + b)
5.51 %@T §E A Branch P
ﬁ - Branch Q
250- . & BranchR
£
= \
4.5 oa=(-3.84+0.25) x 103
ob = (5.87 +0.02) x 10°
oT[K] = (2.60 + 0.17) x 102
4.0 1 oN[cm=2] = (7.55 +0.19) x 10°| 3
0 100 200 300 400 500
Ei/kp[K]
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+ Structure : (9). 13C,D,, symmetric(even) === This Work : TIK] = (2.626+2132) x 102
L] : =< 0113
T 77T I 7T . _ 2
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. x Rotation Diagram . B h
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= 760000 8 ol
.3 1 -"""—‘-‘—-’—
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7400001 7 740 0 ‘ : . . !
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250 260 270 280 Ji
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Future work : HNC

HITRANonline

Table 2. Observed 1o band HNC Transitions and Inferred Parameters

Home Data Access D¢
Transition | Wavenumber Ej/ky @ VLSR To N
B _1 o Line-by-Line Search
(em™") (K) (kms™") x 10" em
P3e | 453.64798 261 42 6.8+0.3 0.03140.003 | 1.09+0.20 2. Select Isotopologues
P5e 447.5964 653 66 -7.0£0.2 0.041+0.001 | 0.94£0.05 Select isotopologues for the following molecules thei
Pée 44457022 914 78 ~5.3+0.4 0.029+0.003 | 0.86+0.19
P7e | 44154388 1218 90 ~9.140.3 0.031+0.003 | 0.65+0.11 HCN [Select none]
P8e 43851747 156.6 102 ~7.9+0.3 0.028+0.002 | 0.64+0.08 D Formula AFGL Code  Abundance
Qle 462.74319 44 18 -8.9+0.2 0.057+0.003 | 0.46+0.04 M1 H2c%N p— I —
Q2e 46278519 131 30 ~8.1%0.2 0.071£0.004 | 0.71£0.10
Qe | 46284818 260 42 ~8.9:+0.1 0.080+0.003 | 0.78+0.06 @2 HECHN |
Qde 462.93214 435 54 ~8.4£0.2 0.0800.003 | 0.72+0.05 3 H2cBN 125 0.003622
Q5e 163.03705 653 66 ~8.3+0.1 0.082+0.002 | 0.69+0.04
Q6e 163.16287 914 78 8.4+0.2 0.078+0.003 | 0.81£0.04
Q8e 16347714 1566 102 7.7+0.2 0.055+0.003 | 0.54+0.06 I FO rmu Ia
Q9% 463.66551 1958 114 7.7+0.3 0.037+0.002 | 0.30+0.04
Qlle 164.10446  287.1 138 8.1+0.5 0.02240.005 | 0.1340.07 1 1214
Ql2e 464.35494  339.3 150 5.9+0.6 0.013+0.002 | 0.09+0.02 H C N
Roe 465.74576 00 6 8.3+0.3 0.037+0.003 | 0.17+0.03
Rle 46876863 4.4 18 8.0+0.2 0.069+0.003 | 0.79+0.05 1xy13,~14
R2e 4717907 131 30 8.14+0.2 0.076+£0.003 | 0.92+0.08 H C N
R3e 4748119 261 42 8.0+0.2 0.081£0.003 | 1.01+0.08
Rbe 480.85136 65.3 66 8.2+0.2 0.0714£0.003 0.81+0.04 1 1 2 1 5
R7e 486.88636 121.8 90 7.7£0.3 0.04840.003 0.78+0.07 H C N
R8e 489,902 156.6 102 6.2£0.3 0.04240.003 0.51£0.08
R9e 492.91629 1958 114 7.8+0.3 0.04340.002 | 0.75£0.06 2 12 14_
R10e 49592016 239.3 126 5.9+0.5 0.026£0.004 | 0.30£0.07 D C N

2D13cl4N

Table 3. Observed vo band HCN Transitions and Inferred Parameters

Transition | Wavenumber Ei/ky @ VLSR To Ni 1 1 3 1 5
(em™) (K) (kms™") x10"em=? H C N
Rle T11.72312 4.1 36 ~7.5£0.4 0.059£0.005 2.4610.27
Rée 726.098321 87.0 156 ~6.5£0.2 0.083£0.005 5.30+0.44 2 D 12 C 1 5 N
R8e 731.839651 149.2 204 ~-5.7£0.3 0.054£0.005 3.05+0.40

W N o U1 B W N R|O

2D13cl5N

= 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.




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

» 12C/13Cis an important diagnostic tool for probing the Galactic chemical evolution or

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

» The rotational diagram (RD) method overestimates the 13C/12C ratio, while the x* method

reduces uncertainties for more accurate and reliable results.

Source | Clump | Blue Clump Method | Red Clump Method
Nickerson et al. (2023) (**C/*°C) 213 +£22 RD 198+ 34 RD
This Work ('2C/1*C) 18.72+1-54 X 15.07+161 2 (12C) + RD (3C)

» The RD method overestimates the 12C/13C ratio.
» TOPSEGI (Python package) developed in this study facilitates efficient x2 fitting and

isotopic ratio analysis.

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

in space, such as HCN.
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