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Observation of matter

Fraunhofer Kirchhoff Bunsen

—>dark features in the optical spectrum of the Sun
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Observation of matter
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Fraunhofer Kirchhoff

—>dark features in the optical spectrum of the Sun
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Radioactive nuclei: tracers of stellar dynamics
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Radioactive nuclei: tracers of stellar dynamics
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Radioactive nuclei: tracers of stellar dynamics
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Galactic 2°Al distribution

Cygnus Inne:,r Galaxy

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

Diehl et al., Nature 439, 45 (2006)

Al _ 9 8(8) x M
My otal = 8(8) X Mg [
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Pinpoint sources by molecular detection

CreditzNASA .

Rotational spectroscopy Vibrational spectroscopy investigates Electronic spectroscopy

investigates the structure and the conformation and chemical involves vibrational

dynamics of gas-phase linkages of molecules in gas and transitions between

molecules. Equilibrium structure condensed phases. Accurate results different electronic

determinations yield the require the inclusion of anharmonic states. Vibrational

equilibrium rotational constants. contributions. signatures are defined by
the overlaps between the

Pa—— pa— vibrational wave

functions of the initial and
final electronic states.
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Known Interstellar Molecules
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Known Interstellar Molecules
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Unique spectra for each molecule and its isotopologues




Stellar environments: Astrochemistry
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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

M star (C/O=0.55)
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log mole fraction

Molecular Species near Stellar Objects

M star (C/O=0.55)
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Radioactive diatomic molecules
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Molecular structure is a spectroscopic puzzle

Mass-independent description

(Hyper-)Fine-structure
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o Optical/IR/MW transitions
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o Optical transitions
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Galactic 2°Al distribution

’Innelér Galaxy’

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

Diehl et al., Nature 439, 45 (2006)

Al _ 9 8(8) x M |
My otal = 8(8) X Mg [
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Pinpoint source: CK Vulpeculae (CK Vul)

Key facts E , :
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Nuclear ashes and outflow in the eruptive star
Nova Vul 1670
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Pinpoint source: CK Vulpeculae (CK Vul)

Key facts

 1670(1) CK Vul outburst observed

e 1982 Bipolar nebula was found
* ‘Red’ nova object
e 27 molecules detected

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

Isotopic ratios

CK Vul Sun
12C/13C 3.8(10) 90
UN/BN 20(10) 440
160/180 36(14) 500
160/170 >180 2600
28G/23Si 6.7(4) 20
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Nuclear ashes and outflow in the eruptive star
Nova Vul 1670
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Nuclear ashes and outflow in the eruptive star
Nova Vul 1670
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Pinpoint source: CK Vulpeculae (CK Vul)

Key facts

 1670(1) CK Vul outburst observed

* 1982

Bipolar nebula was found

* ‘Red’ nova object

e 27 molecules detected

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

Isotopic ratios

12C/13C
14N/15N
160/180
160/170
285 /295,

CK Vul
3.8(10)
20(10)
36(14)
>180
6.7(4)

Sun
90
440
500
2600
20
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Mass-independent description of AlF
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Mass-independent description of AlF

AlF
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Astronomical observation
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Why so much %°AlF in CK Vul ?

The origin of 26Al
‘ S N,, = 3.0132 x 1015 cm™?2
>
t‘) N37/Npe = 7-13%
(an)] I 4
[LD N27/N26 = 120000
< Diehl et al., Nature 439, 45 (2006)
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Why so much %°AlF in CK Vul ?
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Helium Core

Merging scenario

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

Kaminski et al., Nature Astronomy 2,

778 (2018)
Or

* Merger event
between a white and
brown dwarf

Eyres et al, MNRAS 481, 4931 (2018)

14



- CK Vul

molecular ions

arXiv:2401.03919

Relative abundances by number

Reconstruction of merger event

r

CK Vul Error Sun
He/H 0.260 +21% 0.085
N/H 1.69E—4 +29% 6.76E-5
O/H 1.22E4 +34% 4.90E—4
Ne/H 7.45E-5 +29% 8.50E-5
S/H 5.70E-6 +9% 1.32E-5
Ar/H 1.35E-6 +15% 2.50E-6
Abundances by mass
H 0.488 +18% 0.740
He 0.509 +28% 0.252
N 1.15E-3 +35% 7.01E+4
@] 9.50E—4 +40% 5.80E-3
Ne 7.27E-4 +35% 1.26E-3
S 8.91E-5 +16% 3.13E4

\Ar 264E-5  +21%  7.40E-5 )
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Red-nova remnant
at the mid-IR

pre-outburst material:
silicate dust (~30 K

fast outflow

ejecta interacting
with pre-outburst
material: Hy, [Fe II]

>1700 km/s
high-vel outflow

~\

arXiv:2401.03919

r

RGB H envelope
RGB He core

26Al-rich layer

He WD

e

merger

Re-definition of ,red‘ noval!

arXiv:2312.07433
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Common envelope events

Our results show that *°Al yields of individual systems ca

be extremely sensitive to binary evolution leading to an overall
overproduction in a stellar population as compared to a popula-
tion of only single-stars. Further investigation involving detailed
models including core growth during core He-burning is required
to verify our synthetic models. Qur results introduce the possi-
bility of binary evolution being responsible for the anomalous
abundances observed in globular clusters or for the overabun-
dance of 2°Al in our solar system. Our results show considerable
promise in understanding the contribution from binary evolution

onto the stellar yields from a low- and intermediate-mass stellar
Qopulation.
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Another Diatomic case: TiO —a more complex one

Spectroscopic facts

Observed in Lab since
Valence conf.
Ground state

Dipole moment [D]
Nuclear spin | (*’Ti/*°Ti)
Q(*/Ti/**Ti) [mb]

1929
901161
X3A
3.34
2.5/3.5
302/247

Hund’s case (a),
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TiIO — Hi

gh-resolution experimental spectra

Witsch et al., IMS 377, 111439 (2021)
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Mass-independent description of open-shell system

'Born-Oppenheimer breakdown

‘ Uy, = 192547.813(75) MHz - u
rB0 = 1.62009060(31) A

TiO(X3A) -8.17(3)  -6.10(2)
Zro(X1zh) -4.87(4)  -6.19(1)
HFO(X1Z™) -3.4(6)  -5.66(2)
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* 34 Dunham parameters (>500 molecular para.)
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4TiO in stellar objects?
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Larger Molecular Species

i - - e Radioactive diatomic molecules
M star (C/O=0.55)
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Larger Molecular Species

‘Radioactive polyatomic molecules

‘ 26A|0H

M star (C/O=0.55)
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Molecular structure of polyatomic species

Breier et al., J. Mol. Struc. 1219 (2020) 128329 bend i ng
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Larger Molecular Species

= - - —_—— Radioactive polyatomic molecules
M star (C/0=0.55)
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Polyatomic radioactive molecules as tracers

[ M star (C/0=0.55)

log mole fraction

\)
™

r(R«) .
Polyatomic molecules are more abundant 3-atomic: i.e. AIOH Direct measurements needed

Kl'racer Molecules\
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Structure information towards (Ultra)high-resolution

spectroscopy

composition ¢ \
o |t L
&

AIOH
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Structure information towards (Ultra)high-resolution

spectroscopy

composition ® \
«—e NN
c. Al

Spectral information

_ o Excited ISM
m
AlO v () v v
v

AIOH ? ? J
AlO, ? ? ?
ALLO v ? ?
Al,0, ? ? ?
Al,0; B ? (?)
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Structure information towards (Ultra)high-resolution

spectroscopy

compO:ﬁ::. ¢ /7%\1\

Spectral information

Excited ISM
Rotati \/] ti
m
AlO* : . ? ?

? ?
AIOH* ? ? ? ? -
AlO,* ? ? ? ?
Al O ? ? ? ?
Al,O,* ? ? ? ?
Al,O,* ? ? ? ?

molecular ions

Neutral-neutral reactions?! No ions?
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Structure information towards (Ultra)high-resolution
spectroscopy e
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Pinpoint more sources? Yes!

X SN Remnant
K Merger nebula
St ol R X Massie st
% Hidden merger

SN1987A

INT-24-1 Fundamental Physics with Radioactive Molecules 26



Conclusion

* Radioactive molecule:
as additional tracers for stellar dynamics

Je »alFa-2) | 157 f  AIF(4-3)
5] NOEMA 104 ) NOEMA
J— Ll ] | * Mass-independent description on diatomic molecules,...

1] Y e e

Flux density (mJy)  Flux density (m]y)

«18 “AlF@5) | (|N * AIF(7-6) —2r ]
N ALMA | 7] ALMA _, [ Mstar(c/0=0.55) ]
j: \F(_PL :: J‘j { J ¢ -6 I 0, ]
04 lags 1 _sralld 0:']”‘ :”’1\ l[ H|“l 5 _af - ]
'iuglél?'?elo:ity l([fmzfs}) -Zlf)gliui?e]ogityl(oilrlz?) E -
g -12 [
e ..but radioactive polyatomic molecules need direct measurements !
-18
-20
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Multimessenger approach

264 26A|F

2018

L *AlF6-5)
ALMA

*
Il
9

1 |
) +\+ 1985_ Advances in sub-mm spectroscopy with the ALMA observatory and corre-
i RN . sponding advances in laboratory studies have led to prospects to identify lines for
2 ‘ molecules that include a radioactive isotope. In a first such success, rotational lines 1 }
Y *)r’ \ | of 20AIF could be measured from a point nova-like source called CK Vul [147]; I
- i spatial resolution in sub-mm astronomy allowed to pinpoint the source directly. 58 ety (kons

L

b
1

= L

Flux density (m]y)

arbitrary scale)
—— 1
——
—e
e
_._1.
“+o—

| | ] We caution, however, that molecule production such as in this case will only @
e 7 '8 19 20 | |cur under very special conditions Therefore, it is difficult to merge such unique AIFES
imolecule-biased observational results with general conclusions on *°Al sources and
on compositional evolution of galactic gas in general. -«

R. Diehl, N. Prantzos, Handbook of Nuclear Physics, 2023,3261

Until now
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