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Astronomy of Cosmic Abundances : a Multi-Messenger Enterprise
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Gamma-Ray Astronomical Telescopes:
Interaction of high-energy photons with matter
18
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Imaging principles for a MeV-range y-ray telescope

® Compton Telescopes and Coded-Mask Telescopes

Thin detector E1 2=

Coded mask 11 I

Thick detector E, Camera

Achievable Sensitivity: 10> ph cm™ s, Angular Resolution > deg
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Energy Range 15-8000 keV :
Energy Resolution ~2.2 keV @ 662 keV
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INTEGRAL: Dominance of instrumental background

SPI Ge detector spectra
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The Challenges

Understand the sources of new nuclei

Trace the flows of cosmic matter
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Line flux [em™“s™']

6Ni radioactivity = y-Rays, e* = leakage/deposit evolution
SN la
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SNla and SN2014): Early *°Ni (~8.8d)

Spectra from the SN at ~20 days after explosion

Clear detections of the two strongest lines expected from °6Ni (should be embedded!)
D/eh/ et al., Science (2014)
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>6Ni mass estimate (backscaled to explosion): ~0.06 Mg (~10%)

i.e.: not the single-degenerate M angrasekhar Model,

i but rather a 'double detonation, i.e.

|
: either 2 WDs (double-degenerate)
or a He accretor (He star companion)

inner *®Ni
(opt. thick)

SoNi belt

(opt. thin) @ 9} <5000kms”!

— SN 2014J looks "normal", but is not

~20,000 kms™
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SN2014J data Jan — Jun 2014: >°Co lines
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SN2014J data Jan — Jun 2014: >°Co lines
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Positron annihilation in SN2014)

Sonnberger+, in prep.
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® \Witnhess neutrino burst

from core collapse

® \Witness radioactively-
powered SN afterglow

and

y rays
as its
source ;
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Gravitational Collapse and SN

Shell-Struetured Gravitational l Supernova

Evolved Massive: Sho? Wave
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Cas A With JWST Milisavljevic+2023

o The Cas A SNR dISpI ays a ta. Forward Sook/CSM Dust 1_t.)-SYnchrotroAjr?lQ.adialior.i..A,».j.. 2_Ck:)u..dDestructio_n..
great variety of features that | | PO L
reflect the ccSN explosion
history and dynamics

interaction of the SN shock with
surrounding CSM
““shock and dust
“¥“synchrotron emission
¥ destruction of ISM clouds
internal dynamics of the
expanding remnant

“&”CSM structure remains

w3

TUNIRCam

o [ i 1 arcmin ;‘;_188\;\/
explosion asymmetry remains

““"RT lobes SNERbure . B 4. CSM Holes W%
¥ jets
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Cas Ain X rays

® (Cas A SNR composition and

dynamics is reflected in X rays

interaction of the SN shock with
surrounding CSM

““shock acceleration (e’)

“¥“synchrotron emission,

composition of remnant

““"reverse-shocked ejecta

““" characteristic lines from

0.9- 9 keV,
Chandra

Counts 5! keV~!

highly-ionised species

non-thermal Bremsstrahlung

10'F

— region A (Fe-rich)

.
B

— region B (Fe/Si-rich)

region C (Si/O-rich)

20
Energy [keV]

50 '

Declination

comparison: ¢ / Si X rays

£ \‘:
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wf! 2
- N
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continuum LR

Vink+2022

2004

Patnaude&Fesen2014

45:00.0 46:00.0 47:00.0 48:00.0 49:00.0 58:50:00.0 51:00.0 52:00.0 53:00.0

=> complex
shock dynamics
=>» overturn of
o - w Rigl:toe:)scensio:oo " o ejecta material
Tsuchioka+2022 (S hells ) ?

lines: Fe, O, Si/Mg

51:00.0
A )
r
58:50:00.0
49:00.0

48:00.0

47:00.0
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Beyond X rays: Locating the inner Ejecta in Cas A
NuSTAR Imaging in hard X-rays (3-79 keV; #*Ti lines at 68,78 keV) =2

““"first mapping of radioactivity in a SNR

— Both #Ti lines detected clearly
— redshift ~0.5 keV
— 2000 km/s asymmetry

— %4Ti flux consistent with Continuum -
earlier measurements Si/Mg Jet

Grefenstette+ 2014; 2017
;‘ X rays: CHANDRA & NuSTAR

— Doppler broadening:
(5350 *=1610) km s'1

— Image differs from Fe!!

At ~ 20 yr At 220 yr

> <

i~ 0.1 pc

unshocked clumps
shocked clumps

“¥~44Ti> TRUE locations of inner-SN ejecta o

¥ Fe-line X-rays are biased from

increasing T, & net
ionization of plasma by reverse shock L '
|

shocked diffuse
ejecta

low

19
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NuSTAR update: %Ti in Cas A

Imaging resolution allows to spatially resolve Cas A's 44Ti:
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Grefenstette et al. 2017
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NuSTAR details of 44Ti in Cas A

Imaging resolution allows to spatially resolve Cas A's 44Tj: 24 Msec NUSTAR campaign

Grefenstette et al. 2017
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44Ti Cas A: INTEGRAL/SPI confirmations of bulk redshift
The #Ti decay chain with INTEGRAL/SP!I:

=85y, EC

44T]

, t=5.4h, B*

44SC

Flux [10~° ph/cm?¥s/keV]

- Fitted Model (78 keV Line)
6 | Continuum Only

68/78 keV lines from 44Sc

Flux [107° ph/cm?/s/keV]

Weinberger+ 2021
gitud
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114 116 118 120 122

al on
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SPI 78 & 1156 keV
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| | | |
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Fitted Model (1157 keV Line) |
ontinuum Only i

1157 keV linelfrom 4*Ca B

1180 1200

= clear Doppler shift of 44Ti (1800 800 km s™* away from observer)



Understanding the filamentary detail of JWST image

SN explosion seeds a bubble structure that evolves into filaments

JWST image detail SN simulation

W15-1lb-sh-HD+dec-hr
t = 351 year

Cassiopeia A
(Milisavljevic et al. 2024)

°
i center of explosion

-

Titanium (*4Ti)

Chandra Fe K Shocked Iron (¢Fe)

1 arcmin . NA/ST 1O N\

1 arcmin

Orlando+2025

> "forget about the "onion shell" (Raph Hix)

23



The Challenges

Ty Trace the flows of cosmic matter




26A| y-rays from the Galaxy

SPI on INTEGRAL .
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Al Decay:

82% fi*-decay (<E> ~1.17 MeV)
18% o - capture
Q=4.0 MoV (26A1-26Mg)

Photon ylelds: (s per decay)

0.511 MeV 1.622
1.130 MeV 0.024
1.809 MeV 0.997
2,938 MeV 0,003
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26A| y-rays and the galaxy-wide massive star census

SPI on INTEGRAL

Total photon model

w
——

* 4+ Measured SPI spectrum
- SPI/INTEGRAL
31 2023
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y-ray flux = cc-SN Rate = 1.3 (+ 0.6) per Century

57 Diehl+2006;2018



Radioactivities from massive stars: ®Fe, 2°Al

- Messengers from Massive-Star Interiors!

...complementing neutrinos and asteroseismology!

310,
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26A1 Production

(,-— lotal mass of the star freduced by mass loss Jfue lo s

radiative envelope
(blue giant)

T T R T, LT, L T

-
(8]

Jng

10

radial mass coordinate [Mg]

Processes:
'« Hydrostatic fusion
7« WR wind release
V'« Late Shell burning
'« Explosive fusion

. 0 _2
< Explosive release log (time before SN) [y]
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Massive-Star Groups: Population Synthesis

Voss R., et al., 2009
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Diffuse radioactivity throughout the Galaxy
Galactic Population Synthesis Modelling

“¥"Use stellar / SN yields and evolution times Pleintinger PhD thesis 2020

““"Include knowledge about sources (stellar groups)
““"Include known groups; sample unknown groups

- bottom-up model for the %Al observations

Perseus
Cepheus
Cygnus
Sco-Cen
Carina P
Orion .
. ’ : )
e . N
! e, o
@, ®
L S
® s .
‘. .
)
output of

a single group

time (My)

(see also Siegert+ 2023)

MC sampling

SFR

of distant Model ray tracing
groups fme
X Spatial
locations bodal
of nearby Metallicity
gradient

groups

Position :

ECMF
Age

Isotopic

content

Size

Cluster mass -
Expansion

Metallicity

population
Stellar mass L Ll SynthESIS

Nucleosynthesis
output

Rotational velocity

Single star

Nucleosynthesis Aspect
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Diffuse radioactivity throughout the Galaxy

. . . . . Pleinti 2020
Galactic Population Synthesis Modelling versus observations  siegerts 2023
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Massive Star Groups in our Galaxy: 2°Al y-rays

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

2°A| shows apparently higher galactocentric rotation (?)
Kretschmer+(2013)

SPI/INTEGRAL
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How massive-star ejecta are spreading...

e 26A| shows apparently higher galactocentric rotation (?) SPU/INTEGRAL

es // data

® ..blown into cavities that are asymmetric wrt sourc

Assumed “Al-mass distribution - CO data |
simple _,;)0;
o >
geometry, 72 o
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Krause & Diehl, ApJ (2014)




How massive-star ejecta are spread out...
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Superbubbles observations in other galaxies

Schinnerer&Leroy2024

Bagetakos+ 2011 - o .
NGC628 © o . A
' ' - ' =TI . .. % . PAH7.7uif
200 H e W - il o 4 Res’
NGC628 5 LA
Z - lﬂ . »
- -1 P8 150
100 g
£ i > Barnes+2023
o {I|[NGCe28 Mm74
- 11 | | Phantom Galaxy
1 N JWST & HST S
P O T 1 s € . B
-0 ¥ _éband JWST %[ ¢
d g e o HoHST ¢ ‘
40.0" 20.0" 65°00'40.0" o "L
'I""I"""I"‘l"‘_' 3
8 f 1: RGB to identify Wl 2: Fitting bubble centre:
Y | superbubble candidates §§§ and radii |\ch1566 )
< "
n . 2
) Voo J PHANGS 10'40.0" 20.0"
- RA
| (2.5 i |
=Q K
c
’ |
o)

40.0"

............

57'00.0"

1kpc
20arcsec -




Simulations of (inhomogeneous) galactic evolution

iral galaxy

— ejecta with excess velocities appear naturally within a sp
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analyze velocities of 2°Al-enriched matter from star formation activity
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3D SPH simulation:
Wehmeyer + 2025
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Orion-Eridanus: A superbubble blown by stars & supernovae

ISM is driven by stars and supernovae = Ejecta commonly in (super-)bubbles

‘ IR/molecular cloud
X=ray bubble

Local Bubble
T= |o‘ ,
b= +90° '-
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Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003, Siegert 2016

3D MHD sim, 0.1..0.005 pc resolution
38 Krause+ 2013ff
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%0Fe on Earth from recent nearby supernovae?

The Sun is (now) located inside a hot cavity (the "Local Bubble")

created by SN explosions, recent ones adding ejecta flows

—400 —200 0 200 400 600 800 —400 —-200 O 200 400 600
" x (pc)
4 B % Eltanin sediments =~ - 5.5

FeMn Crust-1

ocean crusts show

60Fe deposition history
(Wallner+ 2015,2016,2021)

B FeMn Crust-2
B _FeMn Crust-3 Jdas

N
o
FeMn Crust incoporation rates (at cm? yr)

-
L4

B BL
» 'i%!_'f' .ii&l:

o 1 2 3 4 5 6 7 8 9 10
time period (Ma)

see also Zucker+ 2022 and O'Neill+2024
for updates on the solar vicinity
with superbubbles, clusters, molecular gas...
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26A] 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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Nuclear Astropnysics & Gamma-Ray Spectroscopy - Summary

(even) supernova explosions are not spherically symmetric
)
Q

"7 %Ni and how it reveals its radiation in SN2014J o Cor
— SN la diversity; sub-Chandra models? &@»,,@/’70,@
&7 44Tj image and line redshift in CasA; SN87A O,J‘o

- ccSupernovae interiors are fundamentally 3D/asymmetric &

““NSMs/kilonovae are fundamentally very asymmetric, & rare

0/ =1
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. %
5
(
DAL Y
£ < o
L) )
%

Cycling of cosmic gas through sources and ISM is a challenge | si\d#f. +® "1

“““Novae are good candidates, no gamma rays seen yet

“F726A\| preferentially appears in superbubbles e
— massive-star ingestions rarely due to single WR stars or Sﬁ’éo O’é@,

““"What is the role of SNe & superbubbles in mixing of ISM?? Of,?@""“" r
““"How are gas flows in and above/below the disk linked?

Different messengers complement each other

“¥"Radioactivity provides a unique and different view
on cosmic isotopes (via gamma rays, stardust, CRs, sediments)

" INTEGRAL was ended; a next gamma-ray telescope (Iight—weigﬁ A“Stmbhysks
Compton telescope) in 2040+7??; COSI (2027) is a great first step ... Wit

Radioactive
41 Isotopes



