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Nuclear Astrophysics

Contents:
1. Challenges in Nuclear Astrophysics
2. Achievements of y-ray observations
* supernovae, massive stars
 ejectaflows

with work from (a.o.)
Martin Krause, Karsten Kretschmer, Moritz Pleintinger,
Thomas Siegert, RasmusVoss, Wei'Wang; Christoph'Weinberger



The Messages from Cosmic Elemental Abundances
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These signatures are a result from the characteristic physical processes within...
... atomic nuclei (which of these can be produced more-easily/more abundantly?)

... cosmic sources (which nuclear-fusion environments occur more often/abundantly?)



On-going Enrichments from Nucleosynthesis Sources

Dense Molecular ~0,1 Gy

+ stellar
¢ evolution

infall
(e.g. HVC's, streams

(other galaxies nearbys I€ ) . ’ Blnary X-ray Binary
o - Interactions




Cosmic origins of the variety of nuclides

Associating different “processes” with nuclide groups — what we teach...
.... and know it to be superficial (or even wrong)

| Mass known

[JHalf-life known
Dnothing known

Pb{z'k 2 it s process

s

rp process

cmp. Burbidge,
Burbidge, Fowler, and
Hoyle, RMP 1959

o Cosmic Rays
g H(1 "processes" assume
s Bi g Bang environmental conditions,

neutrons equilibria, source homogeneity, ...



Nuclear Reactions in the laboratory vs. in the cosmos

® |aboratory nuclear physics experiment:

Prepare/control conditions, measure products

initial state transition final state
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® Cosmic plasma:

different particle populations interact, reduced Coulomb repulsion (screening)
wide distributions of particle energies
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Experiments: Determining the 'astrophysical S factor'
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The Reaction Rate Integral: <G_v>:( 8 j .(éj/,J‘E,G(E).ekT.dE
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bz % o £+b
oo=(2] (&) @ ) g
—0

U kT

é{

Astrophysical S-factor = Nuclear properties
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Example for a nuclear reaction: Carbon fusion
2C+12C> 2*Mg / XX / XX...: direct and indirect laboratory experiments:

' .0.

Mukhamedzanov 2022
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Notre-Dame-Mexico
STELLA

¢ THM (Nature)
THMCN (1)

THMCN(2)

Iy
2 10"
=
.
w
10" o __3:5—”3.0
10" bbb,
1 2 3 4 5 6 7 8
massive E,, [MeV]
stars

"Hindrance"? ...and sub-threshold resonances
— Extrapolation to low energy is very uncertain!
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Nuclear reactions in cosmic environments

major challenge:

plasma in the Universe is very different
from the conditions in terrestrial
laboratory experiments

qguantum tunnelling
dominates in
cosmic-environment
reactions

D ~20 keV




...a fundamental question...

The answers include: models of the sources and the nuclear rates

within, and of cosmic evolution including transport and recycling



The broad context: evolving isotopic composition

big bang
nucleosynthesis

first stars
first galaxies

first supernovae = .- =
- first new nuclei ejects
first compact staf‘?'.‘-:,‘;-

new nuclei from binaries’ %% a8

—> first SNe Ia,

... the coarse picture of cosmic nucleosynthesis.

Yo
- -

, ﬁriiiestron star mergers."zA I ve .

o

ionised gas

neutral H

re-ionized gas

SN/star-enriched gas

variety of sources

of new nuclei
108 yr

- galaxy-merged gas
- (different enrichment 109 yr
" histories)

solar system isolates
from current

nucleosynthesis

Massive stars & SNe

G 0O, Gy, Si,...

Fe,Zn,Ni...

NSMs, GRBs...
rare/exotic SN types

.Sr?Au’?

Xe,Rb,..
Sr, Sn,Au, U...




Cosmic nucleosynthesis

® Big-bang nucleosynthesis

® Stellar-interior nucleosynthesis
(hydrostatic)

® Stellar-explosion nucleosynthesis
(explosive)

® High-energy collisions (spallation)



Cosmic nucleosynthesis

® Big-bang nucleosynthesis

® Stellar-interior nucleosynthesis
(hydrostatic)

® Stellar-explosion nucleosynthesis

(explosive) bindinglenergy
per nucleon

® High-energy collisions (spallation)

in all cases:
rearrangement of bound nucleons (p,n) in nuclei by nuclear reactions

towards tighter binding



Drescribing Compositional Evolution: the Challenges

Dense Molecular
Cloyds ..

Changes in the forms of cosmic matter:

“““stars and gas flows:

. 3 " Eecta
Intergalactic
Gas /
ther galaxies nearByIGH P 2

W (t) is the Star Formation Rate (SFR) and E(7) the Rate of mass ejection
" gas which is ejected from stars: when?

My
E@) = f (M —-Cpy) ¥ (t —tpyy) PM)dM
M;

“““newly-contributed ashes from nucleosynthesis: what?
The mass of element/isotope i in the

dimg Xi)

5 = —VX; + Ez + [ [ Xif — 0Xio]

My

Eij(t) = / Yi(M) ¥ (t —tm) @(M)dM
M;

“Angredients:

ATAY
\

D 3" ““"Sources: How fast do they evolve to return (new) gas?
“¥"Sources: How much of species i do they eject (and/or bury)?
¥ form of that element by the star of mass M

¥ ... (locations and environments of star formation, gas flows, ...)



Cosmic nucleosynthesis sources

Nuclear fusion reactions
power all stars

Many stars explode as a supernova at
the end of their evolution

Some binary systems including white
dwarf stellar remnants explode as a
supernova

Some binary systems including neutron
stars eventually merge to form a black
hole

When do they eject ashes?
How many new nuclei in ejecta??




Different Complementing Observing Methods

Nucleosynthethis
Event

propagation/transport issufs

A 4

\ 4

Stardust in
meteorites,
Cosmic rays

Molecular
absorption lines
(Radio,IR)

Atomic absorption
lines (opt,UV)

Atomic emission
lines
(opt,UV,X)

Gamma-ray lines
from radioactive
isotopes



The variety of "astronomies"

... beyond astronomical telescopes of optical light: cosmic messengers

©Roland
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Absorption coefficient/10* m? kg™

Garnrna-Ray Astronornical Telescopes:
Interaction of high-energy photons with matter

Photon energy, hw/MeV

- Secondary Particles
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Imaging principles for a MeV-range y-ray telescope

® Compton Telescopes and Coded-Mask Telescopes

Thin detector E;

Coded mask

Thick detector E» Camera

Achievable Sensitivity: 10> ph cm™ s, Angular Resolution > deg



> INTEGRAL Cosmic Photon Measurements: The SP| 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° //

19



Discriminating Background and Sky Signals in SPI Data

® Tracking the relative count rate ratios among detectors

“¥"characteristic signatures from celestial sources withcoded mask, and from background events

_Ge detectors

Coded Mask Telescope:
Casting a Shadow

20



INTEGRAL: Dominance of instrumental background

SPI Ge detector spectra
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Gamma-ray lines from cosmic radioactivity

Radioactive trace isotopes are by-products of nucleosynthesis reactions
Released into circum-source ISM, we can observe gamma-ray afterglows:

® Only the most-plausible candidates per source type are listed

\uS*
(abundance; decay time (weeks<t<108y) long enough to survive ejection/not too long to be bright) pnuc\ear e

22



Current Nuclear Gamma-Ray Line Telescopes

INTEGRAL

2002-2025 (2029)
ESA

15-8000 keV

NUuSTAR (only <80 keV!)

2012-(2025) ...
NASA

23



The Challenges

Understand the sources of new nuclei

Trace the flows of cosmic matter




Radiation Measurements from an Exploding Star

® v rays: radioactive decay °°Ni, °Co

® Xrays: recombination of highly-
ionized atoms; thermal (10°K)

® UV: recombination of atoms
thermal (10%K)

¢ opt: thermal (103K); atomic and
molecular transitions

o . Kathami&Kasen 2019
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0+

£=8.8d \e'-capture (98%)
1+

56Ni

0% Y750 keV (50%) |
2+

(fv (36%)

y 812 keV (86%)

A 4

3
", Y 158 keV (100%) [

Y 270+480

e - capture (81%)

"s 3.253(8%),2.598(17%),
1.038(14%),
%,1.771(16%) MeV

y 1238 keV (68%)

A

y 847 keV (100%)

r=111.3d
56Co [(3;9%?35/. 6MeV)
4+
2+
0+

Fe

““"Nuclear BE release from 0.6Mg [C,0 -2 °6Ni] =~1.1 10°! erg (>2*BEp)
200 %" Deposit of y rays and e+ in expanding/diluting envelope

‘" Re-radiation of deposited energy in low-energy (thermal) radiation
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Radiation Measurements from an Exploding Star

® v rays: radioactive decay ~°Ni, >°Co
where in the envelope is the *°N;?

® Xrays: recombination of highly-
ionized atoms; thermal (10°K)

what are the states of ionizations?

® UV: recombination of atoms;
thermal emission (10%K)

what are gas temp & ionization?

¢ opt: thermal (103K); atomic and
molecular transitions

/' f“’\'s\h light-curve (i_rnescﬂle
- s e, omeemesme=t1 which transitions are important?
S =g Se ;
E | ~ .
= **. _-. - * IR thermal gas and dust emission
s expansion =2 dilution of matter = ° (101-2K). molecular transitions
)

=2 less absorption, more transparency
o 20 an &0

i, ot 21 (1997 which transitions? T gas vs. dust?
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SN2014J light evolution in the 847 keV %¢Co line

Velocity [km/s]

T (L 104 0 —1x10¢ —2x10¢
5x107® T L L S e e s e e et 1
: P TR o INTEGRAL/SPI y ray measurements

o { 847 keV
S - T 1238 keV
53 r - 847 keV 1
5 5x10-8 |- wd =
& i rT"'l f ] :
2 b\ | [—ﬁ'—fi et - -
& of _‘_F_.._,.. -
3 :._ / j
2 = St 1 8
E_nsxigtet™ .y, ; -

B 1200 : 1250 1300 1330

1 1 ! TN d | L L L
850 900
Energy [keV]

W7 SD delDet

‘/ WD-WD merger

>6Ni mass: 0.49 +/-0.09 Mg
(cmp from bol. Light > 0.42 +/-0.05 |V|@
frommodels > 0.5 403 |V|@
““"Diehl et al., A&A 2015
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SN2014)J data Jan = Jun 2014: 3¢Co lines

Doppler broadened v

Velocity [km/s]
2x10* 104 0 -1x10¢ -2x10¢
1.5% 1078 T
i k and INTEGRAL Team
" | MPE INTEGRAL Team i
: 847 keV ]
1238 keV A
847 keV

104’:_ H ]

T
I
-

|
| :

: |

:. I . I
1250 1300 1330
L 1 i |

Energy [keV]

Split into 4 time bins
Coarse & fine spectral
binning

— Observe a structured and
evolving spectrum

— expected:
gradual appearance

of broadened *®Co lines
“¥" Diehl et al., A&A (2015)

note: normally, we do not see such
fluctuations in 'empty-source’ spectra!

25d

847 keV line
50d

847 keV line
85d

847 keV line

150d

847 keV line

29

847 keV line 1238 keV line
0/(//)7
57 O'/f LDg

Tz ne

b(/ /, ,{' @/'@/7

% 4
G/O .
C/Zc y
s

847 keV line 1238 keV line
847 keV line 1238 keV line



SNla and SN2014J: Early 3°Ni (v~8.8d)

Spectra from the SN at ~20 days after explosion

Clear detections of the two strongest lines expected from >°Ni (should be embedded!)
Diehl et al., Science (2014)

390 310

>6Ni mass estimate (backscaled to explosion): ~¥0.06 Mg (~10%)

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

but rather a 'double detonation, i.e.

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

inner **Ni
(opt. thick),

SN belt # ]

(opt. thin) (e @} <5000kms™

— SN 2014J looks "normal", but is not

~20,000 km s~
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Supernovae of type la /‘“\\ e inesce
‘Supen h ’ 2 1 ose Binary tem |
e (D @) commmsrsr

ng \\% . ..
/ \. optical 5G4

”~ 4 2 - : E
‘TD Ou/ @ ‘iq-!?’ ¢ i d::s ® m

-’
s Kim, of 3/, (1097)

Mp - 5 og(Me5)

I . l Binary
o i - JMass Transfor

SN Ia

(the "standardizable candles"??)
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Complexities of Gravitational Collapse and SN

Shell-Structured Gravitational . | Supernova Raph Hix 2016
Evoived Massive Star....CorBBllapse . LShoc} Wave
................. - ==
YN
S
;
ols ' e
e /o
' -t '\\( Proto-Meutron St 5| Kharoussi+ 2020
Shock Region & \l\‘ =N
) / Neutrint Heati T ol
Explosive Nucleosynthesis ; @
of Shock Region from Inside 2 48l _
Q, pre-SN v,
Z 46}
. o Rs
Basic processes are more complex g4
. 2 a2t S
than the 'standard model' says: =
) —= 401 progenitor
¥ pre-SN structure is complex Y T
9 6 3 0 -2 0 2 4 6 8
““"collapse, ignition, and outflows all occur Log (time relative. to bounce [s]
simultaneously Ugliano+2012, Sukhbold+ 2016, Couch+2020
““"collapse and accretion continue long after o Dm0
ignition of nuclear burning 3

“¥"|ate accretion and fallback make explosion
fail for more massive stars

n 0 © & "0

ZAS Mass [M ]
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Cas A With JWST Milisavljevic+2023

® The Cas A SNR di Sp| ays a ta. Foward Shock/CSM Dust - m Synchrorm‘?gadiauor}' ,‘ - cui,ug oestmctio,n_v
great variety of features that | F '
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 e :
"~ explosion asymmetry remains e S T s R )
““"RT lobes L . R e "'"; : r"q ?weé'tern Blowout

¥ jets ¥

“““reverse-shocked ejecta

light echoes




44Ti radioactivity in Cas A: Locating the inner Ejecta
NuSTAR Imaging in hard X-rays (3-79 keV; #4Ti lines at 68,78 keV) =2

““"first mapping of radioactivity in a SNR

N
e |
— redshift ~0.5 keV Si/Mg Jet
- 2000 km/s asymmetry

— MTi flux consistent with
earlier measurements

Grefenstette+ 2014; 2017

— Both #Ti lines detected clearly
Continuum

— Doppler broadening:
(5350 *=1610) km st

— Image differs from Fe!!

FOUR e

¢

‘F44Ti-> TRUE locations of ejecta from the inner supernova
¥ Fe-lines (eg X-rays) are biased from ionization of shocked plasma
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The Challenges

Trace the flows of cosmic matter

nfal (Med * Dust
WY "l Eiecta
; . i
Intergalactic e
Gas /
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Isotopic Ratios in C,N,Si,...

AGB Stars
Supernovae
Novae

Amari, Nittler,

Hoppe, Zinner,

... etal.

26A] Found
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Radioactivities from massive stars: < mm——_ —"—
> M f |\6/|0 o 25,§I Interiors! /////////////////%
essengers rrom assive-Star Interiors!

...complementing neutrinos and asteroseismology! ol

after Heger+2002

Processes:
'« Hydrostatic fusion
7« WR wind release
V'« Late Shell burning
'« Explosive fusion
'« Explosive release
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26A| y-rays and the galaxy-wide massive star census

SPI on INTEGRAL

SPI/INTEGRAL
2023

i >3

Sco-Cen

Cygnus T
vela 7

Inner Galax
CcO IVITEI;on CGRO Yy Orion

Cumulative from Massive-Stars & ccSNe

y-ray flux = cc-SN Rate = 1.3 (+ 0.6) per Century

Diehl+2006,2018
38



Massive Star Groups in our Galaxy: 26Al y-rays

Ve/o )
7eWC;fy ,0/‘ eC/:Y/.O
0 km Vs 17 7,

“¥” Large-scale Galactic rotation

Kretschmer et al., A&A (2013)
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How massive-star ejecta are spreading...

® 25A] shows apparently higher galactocentric rotation (?)
Kretschmer+(2013)

SPI/INTEGRAL

/ ata
CO data

—~ (“normal
/ kinematics’)




How massive-star ejecta are spread out...

Superbubbles extended away
from massive-star groups

Kretschmer+(2013)

Krause & Diehl (2014)

lllustration by M. Pleintinger (2020)
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+50'

+48'
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Superbubbles observations in other galaxies

Right Ascension (J2000)

1
HI holes NGoazs
T J T T . . T T
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1 =00
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Bagetakos+ 2011

PHANGS

830040 C

- l’

Watkins+ 2023
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Simulations of (inhomogeneous) galactic evolution

iral galaxy

— ejecta with excess velocities appear naturally within a sp

26| content
Te]

32.5

|
X
X

Gadget Al-26

26| INTEGRAL

P-

27.5

analyze velocities of 2°Al-enriched matter from star formation activity
300
200
0

3D SPH simulation:
Wehmeyer + 2025

locations of 2°Al
within Galaxy

-200 -

-40

-20

20

40

Galactic longitude [deg]



Orion-Eridanus: A superbubble blown by stars & supernovae

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

»

Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003, Siegert 2016

3D MHD sim, 0.1..0.005 pc resolution

qqa  Krause+ 2013ff



%0Fe on Earth from recent nearby supernovae?

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

SN explosions within LB = ejecta flows reach the Solar System
Schulreich+ 2017

—400 —200 0 200 400 600 800 —400-—-200 O 200 400 600 800 —400—-200 0 200 400 600 800
x (pc)
see also Zucker+ 2022
for a recent update on the Local Bubble and the Sco-Cen SN activity,
confirming this local superbubble interpretation with dust cloud maps
and Gaia data
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%0Fe and 244Pu from nearby nucleosynthesis found on Earth

Wallner+ 2015, 2016, 2021

I\
C

a =
o
o
1

80

Pu (atoms cm? Myr™)

nodules sediments
"

. peak of radioactivity influx
+ lunar material probes; + antarctic snow ~3 & 6-8 IVIy ago'

What are its sources?

How did these traces of nucleosynthesis get here?
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Positron annihilation within our Galaxy

Siegert et al., A&A (2015)

% GC

Bulge

Derive/discriminate spectra
from different regions

Siegert et al., (2015)

INTEGRAL/SPI

Disk

47



radioactive decay = energy sources =y rays and positrons

0+

56N

2+

3+
4+

Y 750 keV (50%)

-
Tagguuns?

e-capture (98%)

y 812 keV (86%)

y 158 keV (100%)

t=111.3d e - capture (81%)
uEEE N
0“‘
56Co |' ﬁ
*
*

* - decay 1.038(14%),
4,1.771(16%) MeV

(19%,E~0.6MeV)~
.

.

y 1238 keV (68%)
2+

y 847 keV (100%)

5Fe

Y's 3.253(8%),2.598(17%), ||

26|

1=9.158

m mm O+
AN t=1.04108y

26Mg

2+

“‘,'- r._._'_‘
S

fSAl Decay:

82% f*-decay (<E>~1.17 MeV)
18% e- - capture
Q=4.0 MeV (26Al-26Mg)

Photon ylelds: (# per decay)

0.511 MeV 1.622
1.130 MeV 0.024
1.809 MeV 0.997
2.938 MeV 0.003

I

Y
1.130 MeV (2.4 % )*

y

2+

H

Y
03%)" | | 1809 MeV (997 %)"

o
%

* .= % are relative to one decay of 28Al

photons and positrons may escape into interstellar medium
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The Galactic Positron Annihilation

Is it all from 2°Al?
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Morphology of emissions is different

- annihilation astrophysics + other sources
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100-200 keV band flux [107* ph cm™?s™ keV']

Pair plasma from a black hole in a flaring microquasar

Jrd TR TR AT VADACYg Siegert et a. 2016
: Jun 2016

pors
(=]

Annihilation flux [107 phcm™s7']

PR | [ AR b L P,
196 198 200 202 204
MJD - 57000 [days]

V404 Cyg flare spectra
show e* annihilation

annihilation conditions
vary across flaring period

jet base is the plausible

pair production region
accreting BH binaries

may be significant
e*contributors in the Galaxy

50



electrons in the ISﬁ/I“’;.-

Galactic Messengers

Radioactivity provides a U= EwmE)

starlight

clock 5
(2 pm IR emission)

26 A| ra dioactivity MIASS, Skrutskie+2006)

positrons in the ISM
gamma rays trace £
nucleosynthesis ejecta b

~ (511 keV y-ray emission)

Over feW Myrs TEGRA\Z/SIZI Si;elrt+2015

nucleosynthesis ejecta in the ISM
Radioactive emission is

In d e pe n d e nt Of d ens |ty, (1809 keV 26Al y-ray emission)

cosmic rays exciting ISM

Positron annihilation R e A —.
~{races CR propagation (GeVgamma rayem|55|on)




- - Summary

(even) supernova explosions are not spherically symmetric

. - . 2
"7 3Ni and how it reveals its radiation in SN2014J oy, Cor
— SN la diversity; sub-Chandra models? ‘9@»,,:70»@
&7 44Tj image and line redshift in CasA; SN87A o'd,%

. 7/
- ccSupernovae interiors are fundamentally 3D/asymmetric &

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

o
=

Cycling of cosmic gas through sources and ISM is a challenge . "|,# A g

“F726A\| preferentially appears in superbubbles 4
—> massive-star ingestions rarely due to single WR stars or SNe F’ T S \

““"the current Galactic SN rate is ~1/70 years N @@o'é

)
"“760Fe is a SN/wind ejecta diagnostic, and traces nearby SNe ’6,;"@,

Varied messengers complement each other
with essential diagnostics

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

"7 A next gamma-ray telescope (light-weight Compton telescope)

in 2040+??; INTEGRAL ends 2029; COSI (2027) is a great first step ... ity

Radioactive
Isotopes
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