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Understanding stellar evolution by observing radioactive nuclei
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Fraunhofer Kirchhoff Bunsen

Observation of matter

→dark features in the optical spectrum of the Sun
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Fraunhofer Kirchhoff Bunsen

Observation of matter

→dark features in the optical spectrum of the Sun

Hα
HβHγ

Hδ
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Credit: N.A. Sharp/KPNO/NOIRLab/NSO/NSF/AURA
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E. M. Holmbeck et al. ApJL 859 L24 (2018)
2MASS J09544277+5246414 – giant star 

232Th: 𝜏 Τ1
2

= 14.05 Gyr

Past star generation?
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Radioactive nuclei: tracers of stellar dynamics
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Radioactive nuclei
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Radioactive nuclei: tracers of stellar dynamics
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Radioactive nuclei

26Al

44Ti

60Fe
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Radioactive nuclei: tracers of stellar dynamics
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Galactic 26Al distribution
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‘Inner Galaxy‘
Cygnus

Orion

Global structures as big as 100pc
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Pinpoint sources by molecular detection

6

Need: Transition information or molecular structure knowledge
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Known Interstellar Molecules
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Unique spectra for each molecule and its isotopologues 
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Known Interstellar Molecules
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Stellar environments: Astrochemistry
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Precision demand: 
∆𝜈

𝜈
~10−7  ⋯ 10−9
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Stellar environments: Astrochemistry
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Molecular Species near Stellar Objects
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Molecular Species near Stellar Objects
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Molecular Species near Stellar Objects
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26AlF

44TiO26AlO

60FeO

Radioactive diatomic molecules
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Mass-independent description

o Ro-vibrational coupling

o Ro-‘e--motion‘ coupling

Molecular structure is a spectroscopic puzzle

10

(Hyper-)Fine-structure

Already observed Lab observation

o Rotational transitionso Optical/IR/MW transitions

Global fitting 
process

o Vibrational transitions

o Optical transitions
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Galactic 26Al distribution
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Nature 520, 322 (2015)

Pinpoint source: CK Vulpeculae (CK Vul)

12

• 1670(1) CK Vul outburst observed 

• 1982 Bipolar nebula was found

• ‘Red’ nova object

• 27 molecules detected

containing H, C, N, O, F, Al, Si, P, S

Key facts
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Nature 520, 322 (2015)

Pinpoint source: CK Vulpeculae (CK Vul)

12

• 1670(1) CK Vul outburst observed 

• 1982 Bipolar nebula was found

• ‘Red’ nova object

• 27 molecules detected

containing H, C, N, O, F, Al, Si, P, S

Isotopic ratios

CK Vul Sun
12C/13C 3.8(10) 90
14N/15N 20(10) 440
16O/18O 36(14) 500
16O/17O >180 2600
28Si/29Si 6.7(4) 20

Key facts
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Nature 520, 322 (2015)
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Pinpoint source: CK Vulpeculae (CK Vul)

12

• 1670(1) CK Vul outburst observed 

• 1982 Bipolar nebula was found

• ‘Red’ nova object

• 27 molecules detected

containing H, C, N, O, F, Al, Si, P, S

Isotopic ratios
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26Al
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Nature 520, 322 (2015)

1‘‘1‘‘

Kamiński, Breier, et al.
Nature Astronomy 2,778(2018)

Pinpoint source: CK Vulpeculae (CK Vul)
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• 1670(1) CK Vul outburst observed 

• 1982 Bipolar nebula was found

• ‘Red’ nova object

• 27 molecules detected
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AB ΔU01
A ΔU01

B

BF -1.84(6) -1.4*

AlF
[theo] [-0.96] [-1.45]

GaF -0.66(20) -1.5*

Mass-independent description of AlF

13

re
BO = 1.65435196(103) Å

AlF

Using wobble-stretch  theory

U01 = 184655.12(23) MHz ∙ u

I (26Al/19F) 5/0.5

Q(26Al) [mb] 265(32)

→Reducing uncertainty from 10-5 to 10-7
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AB ΔU01
A ΔU01

B

BF -1.84(6) -1.4*

AlF
[theo]

-0.97(6)
[-0.96]

-1.2*
[-1.45]

GaF -0.66(20) -1.5*

Astronomical observation

Mass-independent description of AlF

13

re
BO = 1.65435196(103) Å

AlF

Using wobble-stretch  theory

U01 = 184655.12(23) MHz ∙ u

I (26Al/19F) 5/0.5

Q(26Al) [mb] 265(32)
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Why so much 26AlF in CK Vul ?
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The origin of 26Al

N27 = 3.0−0.6
+0.5 × 1015 cm−2

ΤN27 N26 = 7.1−2.2
+3.2 

ΤഥN27
ഥN26 ≈ 120000
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Why so much 26AlF in CK Vul ?

14

Merging scenario

• Stellar Merger: two 
low mass star being 
one in the RGB 
phase 

ń

Or

• Merger event 
between a white and 
brown dwarf 
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Reconstruction of merger event

Re-definition of ‚red‘ nova!
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Common envelope events 

31

Many events to discover!
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Hund’s case (a)βJ 

Another Diatomic case: TiO – a more complex one

17

Observed in Lab since 1929

Valence conf. 9σ11𝛿1

Ground state X3Δ

Dipole moment [D] 3.34

Nuclear spin I (47Ti/49Ti) 2.5/3.5

Q(47Ti/49Ti) [mb] 302/247

Spectroscopic facts



INT-24-1 Fundamental Physics with Radioactive Molecules

TiO – High-resolution experimental spectra

18

Prev. work: Amiot et al., JCP 102, 4375 (1995); Namiki et al., JMS 191, 176 (1998); Ram et al., ApJS 122, 331 (1999); Lincowski et al., ApJ 883, 9 (2016) 

Rotational spectra

IR spectra
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Mass-independent description of open-shell system

19

Molecule(AB) ΔU01
A ΔU01

B

TiO(X  
3Δ) -8.17(3) -6.10(2)

ZrO(X  
1Σ+) -4.87(4) -6.19(1)

HfO(X  
1Σ+) -3.4(6) -5.66(2)

• 34 Dunham parameters  (>500 molecular para.)Born-Oppenheimer breakdown

re
BO = 1.62009060(31) Å

U01 = 192547.813(75) MHz ∙ u

→Accurate transition frequencies
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44TiO in stellar objects?
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Larger Molecular Species

21

Höfner, S., Olofsson, H. Astron Astrophys Rev 26, 1 (2018).

26AlF

44TiO26AlO

60FeO

Radioactive diatomic molecules
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Larger Molecular Species

21

Höfner, S., Olofsson, H. Astron Astrophys Rev 26, 1 (2018).

26Al2O

44TiO2
26AlOH

60Fe(OH)2

Radioactive polyatomic molecules
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Molecular structure of polyatomic species

22

Breier et al., J. Mol. Struc. 1219 (2020) 128329
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Molecular structure of polyatomic species

22

Breier et al., J. Mol. Struc. 1219 (2020) 128329
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Radioactive polyatomic molecules

Larger Molecular Species

23

Höfner, S., Olofsson, H. Astron Astrophys Rev 26, 1 (2018).
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Polyatomic radioactive molecules as tracers

24

Polyatomic molecules are more abundant 3-atomic: i.e. AlOH

Nature 581, 396 (2020)

Direct measurements needed
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Structure information towards (Ultra)high-resolution 
spectroscopy



INT-24-1 Fundamental Physics with Radioactive Molecules

D
. G

o
b

re
ch

t 
et

 a
l.,

 A
&

A
 6

5
8

, A
1

6
7

 (
2

0
2

2
) 

Spectral information

Molecule Rotation Vibration
Excited 
states

ISM 
observed?

AlO ✓ (✓) ✓ ✓

AlOH ✓ ? ? ✓

AlO2 - ? ? ?

Al2O - ✓ ? ?

Al2O2 - ? ? ?

Al2O3 - ? ? (?)

25

Structure information towards (Ultra)high-resolution 
spectroscopy
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Neutral-neutral reactions?! No ions? 

Structure information towards (Ultra)high-resolution 
spectroscopy
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Neutral-neutral reactions?! No ions? Aim: Benchmark systems

Structure information towards (Ultra)high-resolution 
spectroscopy
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Pinpoint more sources? Yes!

26

Credit: ESA/Gaia/DPAC & Plüschke (2001)

SN Remnant

SN1987A

Merger nebula

CK Vul h Car

Massive star

Hidden merger
Kamiński et al A&A 646, A1 (2021)
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• Radioactive molecule: 

as additional tracers for stellar dynamics

• Mass-independent description on diatomic molecules,…

32SiC2
32Si2C44TiO2

26AlOH 60Fe(OH)2
26Al2OC/O <1 C/O >1

• …but radioactive polyatomic molecules need direct measurements
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R. Diehl, N. Prantzos, Handbook of Nuclear Physics, 2023,3261

Multimessenger approach

28

1985

Share et al., ApJ 292, 1985, L61

Until now

2018

26Al 26AlF
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