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The cycle of matter through star formation
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Stars: formation, & their impact on ISM (My..Gy): "Feedback™
Stars form from Giant Molecular Cloud Cores (~1% efficiency)

Most-massive stars evolve most rapidly and interact on surroundings within few Myrs
UV radiation from most-massive stars provides early feedback, winds form cavities

Overlapping wind cavities are energized by supernovae
Star-forming clouds are eroded within few Myrs

Star formation is quenched, but some is triggered

in shocked-gas regions by such feedback
Pineda+2022 Motte+2018

main issue in ISM sim last 10 years

Krause+2018
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The cycle of matter through star formation
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26A| y-rays from the Galaxy

0.5 keV binned All Sky Al Spectrum (COMPTEL map)
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Al Decay:

82% p+-decay (<E>~1.17 MeV)
18% e- - capture
Q=4.0 MeV (26AI1-26Mg)

Photon yields: (v per decay)

0.511 MeV 1.622
1.130 MeV 0.024
1.809 MeV 0.997
2.938 MeV 0.003
* .= % are relative to one decay of Al




INTEGRAL Cosmic Photon Measurements: The SPl Ge Y-Spectrometer

Coded-Mask Telescope

Energy Range 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV
Spatial Precision 2.6° / ~2 arcmin
Field-of-View 16x16°
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Photon Counts
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INTEGRAL/SPI Ge detector spectra
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26A| y-rays and the galaxy-wide massive star census

SPl on INTEGRAL ,IT'S' Total photon model
% + Measured SPI spectrum
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y-ray flux = cc- SN Rate = 1.3 (+ 0.6) per Century

Diehl+2006,;2018



Radioactivities from massive stars: %OFe, 26Al
- Messengers from Massive-Star Interiors!

...complementing neutrinos and asteroseismology!

Processes:

'« Hydrostatic fusion
"« WR wind release
'« Late Shell burning
'« Explosive fusion
'« Explosive release
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26A| radioactive luminosity ~1 My = cumulative from many sources
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Massive-Star Groups: Modelling long-term phenomenae

Voss R., et al., 2009
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Diffuse radioactivity throughout the entire Galaxy to SPI data
Galactic Bottom-Up Modelling

@ . . . .
Use stellar evolution times and yields (wind, SN) = PopSyn Pleintinger PhD thesis 2020
““"Include knowledge about sources (known stellar groups, model| (see also Siegert+ 2023)

“““model spatial spreading, ray-trace gamma rays

- model for 2°Al data, with astrophysical parameters % .
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Diffuse radioactivity throughout the Galaxy

Galactic Population Synthesis Modelling versus observations it
s Siegert+ 2023
O PSYCO (best) COMPTEL(&SPI)/\//T O N 55::;;:{\ .
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"~ flux from model-predicted 2°Al:
- (0.5..13) 10* phcm2 st - too low

— Massive-star yields: see disc. in Diehl+2021; Battino+2024 - astro

Flux [1073 ph cm~2571]

— Contributions from AGB stars and novae??

—— LC06 —— 26A] (1.8 MeV)

depend on superbubble modelling (here: sphere only) 8 e et



Massive Star Groups in our Galaxy: 2¢Al y-rays

"“¥” Large-scale Galactic rotation
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How massive-star ejecta are spreading...

26Al shows apparently higher galactocentric rotation (?)

Kretschmer+(2013)

SPI/INTEGRAL
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How massive-star eJecta are spreadmg...

Superbubbles extended away
from massive-star groups

radial velocity [km s7]
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Galactic latitude (deg) Galactic latitude (deg)

26A\| trajectories in simulations

3D hydrodynamical simulations on kpc scales have become feasible

(with sufficient resolution to trace nucleosynthesis events):
1283 cells, cell size 7.8 pc (more-precise than cosmological simulations, but still crude)
starting fom 'current galaxy' model (Tasker&Tan 2009), no bulge nor spiral arms initially

star formation by Toomre criterion on single cells, efficiency set tp 1%

/ observations \
R=7000pciz=800p0 ‘ ‘ ‘ .

107

- 'map' of a simulated galaxy in radioactive 2°Al (and °Fe)

Fujimoto+ 2018
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Comparing Observations with Simulations
Biases on both ends:
Simulations adopt an idealised Galaxy from a general viewpoint
Observations are from the Solar-system viewpoint, nearby environment may
be special
Use projections that eliminate those biases and focus on general
characteristics of the large-scale ISM

Pleintinger+ 2019

—Fujimoto et al. (2018)

scale heights
4 SPI measurements

15 no. of occurrence —— Fujimoto etal. (2018)
of scale heights,
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—> differences are significant: larger 'chimneys' (SBs) in observations
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Superbubbles in the dynamic interstellar medium: Simulations

snapshots in 3My steps

HD Run &x = G.5 pc; o/, = 1 300.00 Myr
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Superbubbles observed in other galaxies

+15°6R'—

T NGC628 M74

Phantom Galaxy
JWST & HST $
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Full rings
Other

3: Seen in 3 channels
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® all SF-galaxies show such large
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Orlon Eridanus: A superbubble blown by stars & supernovae
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Stellar feedback in the nearerst massive-star region (Sco-Cen)
The stellar groups and population known (kinematics)

no clear coeval subgroups, SF ongoing for ~15+ My; distance~140pc)

The interstellar medium holds
a hetwork of cavities

ISM dynamics is not easy to unravel

galactic latitude / ©

26| -1my) is detected (distributed)
- can we measure the flow?

Star formation is seen (Lupus)

- colliding shell boundaries

= “surround & squish”

rather than "triggered" star formation
Krause+2018
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26Al and ®OFe in the Local Bubble

3D hydro simulations of Local Bubble evolution

26Al predominantly in hot bubble interiors, ®°Fe deposition at bubble walls

Siegert, Schulreich+,2024
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%0Fe and 244Pu from nearby nucleosynthesis found on Earth

Wallner+ 2015, 2016, 2021
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+ lunar material probes; + antarctic snow ~3 & 6-8 My ago'

What are its sources?
How did these traces of nucleosynthesis get here?
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=» Different environments for nucleosynthesis ejecta
& Massive stars and ccSNe
= typical teyorution ~ 1-100 My

“*"molecular-cloud and
superbubble environment

log(T, [K])

Supernovae type la
= typical teyorution ~ 0-x-1 Gy
“¥” outside star forming regions

Compact-binary mergers

“typical teyorution ~ 1-x Gy
¥~ away from galactic disk

v« Note: ISM is mixed by SNe!
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Galactic Dynarnics and Nucleosyntnesis Ejecta - Summa
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Cycling of cosmic gas through sources and ISM is a challenge
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“¥726A] is a new useful tracer with radioactive lifetime Myrs
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26Al gamma-ray spectroscopy shows new aspects
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