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Cosmic origins of the variety of nuclides

Associating different “processes” with nuclide groups — that’s what we teach...
... and know is superficial (or even wrong)
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Science with Cosmic Isotopes

Dense Molecular
o

Trace the forms of cosmic matter

Understand the sources of new nuclei

rare sources are a challenge (& speculation)....
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Messengers for Cosmic Nucleosynthesis: Issues

® Complex and variate nuclear-reaction flows
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® Cosmic nuclear-reaction sites are embedded

Stars:

“““inactive envelope is ~¥90% of stellar mass

Supernovae:
“““envelopes large (SN Il) or small (SN 1a)
Kilonovae:

““"envelopes are highly dynamic, assymmetric




How do we measure nuclei in cosmic sites?



Diversity of Complementing Observing Methods
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A closer look: The Sun

Telescopes can see many exciting surface phenomena...

ISBOAAIA 335 2011—-06—-21 01:00:03 UT

Solar Dynamic Observatory



Signatures of Elements

Spectral lines in the spectrum of Sunlight

Intensity (counts)
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Spectrographs in optical telescopes today
® Make use of wavelength-dependent propagation in materials
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Kitchin: Telescopes and Techniques

Dispersion elements

— prism ;
* low dispersions == | Cross-dispersed echelle

* can be used as objective prism _ X-shoot
— slitless spectroscopy shoaoter

— diffraction grating ‘ - . Redomers
e mostly reflective I AN < ————— —— By e
¢ equally spaced grooves
mA = o(sinf + sin @)
with m order number

o distance between grooves / e
— called the grating constant a / s

— T i

Blue orders

Schroeder: Astronomical Optics
TUM SS20 Observational Astrophysics Bruno Leibundgut 64
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Optical Spectra: Observables of Stars
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Solar Photospheric Abundances

Lodders 2010
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Solar Elemental Abundances
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Asplund & Grevesse 2021
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determined from 3D-NLTE analyses of solar spectra
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Logarithmic abundance
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3D-NLTE analyses of solar spectra
reveal differences to previous
spectral analyses:

Fe abundance independent of

the particular line excitation energies
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Stellar Surface Spectroscopy

Spectral Modeling (CANNON), varying log g

This messenger of cosmic | | | | |
abundances is applied widely Lo}~ Ness+2018’

Multiple lines per species, with 06} '
0.5}F ; =
different ionization states; 0.4} 2

wavelength-dependent depth /
location of photosphere:

gas kinematics (microturbulence)
determines line shapes

Spectral modeling, using atomic
data & atmosphere model, is
key to precision results Z 04

15760 15765 15770 15775 15780
wavelength \ (A)

Astrophysical history of photospheric gas requires modeling

(gravitational settling; nuclear burning; chemical processing, ...)
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Challenge: r-process ejecta from neutron star collisions?
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Watson+, Nat 2019
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Atomic Abundance, Si = 10°
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Solar Elemental Abundances

Lodders 2009

Present-day Solar System Composition
(H, He not shown)

normalised to Si=10°

Li

Be

4. Filter
2. Filter mass analysis
mass analysis accelerator (high-energy end)
(low-energy end)
3. Filter
mass spectrometer melecule destruction
L ] negative ions (stripping process)
mass spectrometer
= positive atomic ions
Cs sputter
ion source
particle detector
1. Filter .
5. Filter

negative ion formation
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Atomic Number, Z

particle identification

AMS; Synal 2013

determined from laboratory analyses of meteoritic material (Cl chondrites=oldest)
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pre-solar grains: a new astronomical messenger

isotopic anomalies wrt solar-system materlals by many orders of magnitude
= Zinner 2008 ‘ 9 LIU /eCtUI’e
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Solar Abundances: Photospheric vs Meteoritic

General agreement,
but upon closer inspection also discrepancies:

Asplund & Grevesse 2021
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Solar Abundances: Photospheric vs Meteoritic

General agreement,
but upon closer inspection also discrepancies:

Cl (other) / Cl (Palme et al. 2014)

Photospheric - Cl chondritic abundanc

Asplund & Grevesse 2021
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Solar abundances: isotopes
Careful before interpretation:
Biases of material samples are significant

using meteoritic & solar-wind data and theory for estimations of their
evolutionary biases

Asplund & Grevesse 2021
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Solar Isotopic Abundances: Data vs ChemEv Model

Prantzos 2019
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Nuclear Burning: H to He

® H Burning: the p-p Chains




Flux (cm=2s1)

Core hydrogen burning,
hydrostatic equilibrium
Parameters:
Y (He abundance), Z (metallicity)
Mixing length a
Outputs:
Luminosity (energy), neutrinos
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Borexino: lower energy neutrinos (<2B)

® Scintillation Detector in Gran Sasso Lab. (Italy)
T T * operated since May 2007
' Borexino Detector

Stainless Steel Sphere
Nylon Outer Vessel
Nylon Inner Vess
Fiducial volum

External water tank —,

Ropes

Internal
PMTs

Steel plates
for extra
shielding

Principle:

“¥” search for
events without
external trigger,
creating recoil e-,
protons, or C nuclei
(detect scintillation)

“““suppress very efficiently other background
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Neutrinos from H burning confirm solar model basics

- from pp chain
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The variety of "astronomies"

... beyond astronomical telescopes of optical light:

> t g X-Tays ¥Y-13YS (space -T2%¢5 (ground)
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gravity bulk
molecules,
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Detection of Radiation from Isotopes

Tables for GAMMA in SI Nuclear radiation
102L— = PHOT X-sec (1/cm) .+ PAIR X-sec (1/cm) gas gamma-ray ener‘g|es (MeV)

Interaction
Cross B
Section
of
Photons
in Matter

Tol X-sac {(1/cm)

courtesy 6. Kanbach
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Current Nuclear Gamma-Ray Line Telescopes

INTEGRAL <5
2002-(2021+..2029) fs
ESA

15-8000 keV

NUuSTAR (only <80 keV!)
2012-(2022+) ...
NASA

Fig. 1. NuSTAR telescopes in deployed configuration
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MeV Range Gamma-Ray Telescope Principles

¢ Simple Detector (& Collimator)

(e.g. HEAO-C, SMM, CGRO-OSSE)
Spatial Resolution (=Aperture) Defined Through Shield

® Coded Mask & Detector Array

(e.g. SIGMA, INTEGRAL, SWIFT)
Spatial Resolution Defined by Mask & Detector Elements Sizes

%
%

® Compton Telescopes
(Coincidence-Setup of

Position-Sensitive Detectors)

(e.g. CGO-COMPTEL, CT, GRIPS, eASTROGAM)
Spatial Resolution Defined by Detectors’ Spatial Resolution

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



MeV Range Gamma-Ray Telescope Imaging Principles

® Compton Telescopes and Coded-Mask Telescopes

Thin detector E1 2=

Coded mask

Thick detector E» Camera

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



Compton Telescope

Compton Scattering: Coincidence Experiments

COMPTEL

/

Gamma-ray

Gamma-ray scattered;
light emitted.

Light recorded.

Gamma-ray absorbed,
light pulse emitted,
andrecorded

GRO Instruments
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Casting a Source Shadow:
Coded Mask Telescopes

ref. e.q.: Skinner

A Semi-Transparent Mask Occults Part of the Position-Sensitive Gamma-Ray
Detector Plane

Recognition of the Mask Shadow in the Detectors’ Signal -> “Imaging a Source”
““" Telescope = Mask & Detector Hardware + Imaging Software

Masks

¥~ Uniformly Redundant Arrays
¥~ Adapted to Detector Spatial Resolution

¥~ Optimized for Larger Field of View
»  Partially/Fully Coded FoV

Imaging
¥ Correlation
“¥” Fourier-Domain Filtering




Ge Detectors in Space Telescopes o

Ta/Sn/Fe

Ly Y

Detector Cross Section

Electric potential
Mechanics
(RHESSI)

== { il I
= = _
=
1L |
T
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Dominance of instrumental background
SPI Ge detector spectra
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Discriminating Background and Sky Signals

Relative Intensity

Coded Mask Telescope:
Casting a Shadow

® Tracking the relative count rate ratios among detectors
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Gamma ray spectroscopy with SPI

...it works!
26A| line 1808.6 keV

instrumental lines

“¥71810 keV
“F71779 keV
“¥71764 keV

...also: SN 2°Ni, #Ti
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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:

Isotope Mean Decay Chain Y -Ray Energy Detected Source Type
Decay [keV] Source
Time
Be 77d Be — Li* 478 (none) Novae
%6Ni 8.8d;111d %Nj — %6Co* —»%Fe*+e* 158, 812; SN2014J; Supernovae
847, 1238 SN1987A,
SN1991T(?)
STNi 390 d 57Co— 5'Fe* 122 SN1987A Supernovae
2Na 38y 2Na — ZNe* + e* 1275 (none) Novae
ool 85y UT>¥USc*—>“Ca+e’ 78, 68; 1157 SNR Cas A Supernovae
2202%Th ~1.0 10%y 228230Th —--—206Pp 352...609...2615 (none) Neutron Star Mergers, SNe
12690 3.310%y 12650 —»126g5h*—126Te 666; 695; 87; 64 (none) Neutron Star Mergers, SNe
Al 1.04 10°%y BAl - 2Mg* + e* 1809 Massive-Star Stars, Novae Supernovae
Groups Cyg, Ori...
80Fe 3.510%y 80Fg — 60Co* — SONj* 59, Galaxy (?) Supernovae, Stars
1173, 1332
e* 105... 107y e*+e > Ps —7y.. 511, <511 Galactic Bulge, Supernovae, Novae, Pulsars,

Disk

Microquasars...

Only the most-plausible candidates per source type are listed

(abundance; decay time (weeks<t<108y) long enough to survive ejection/not too long to be bright)
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How do we learn about isotopes in the cosmos?

a few examples...
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Science with Cosmic Isotopes

Dense Molecular
Cloyds . ;

Understand the sources of new nuclei
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SN1987A: multiple messengers explonted

® Witnessing the final core collapse of a
massive star of mass 22 My, in Feb 1987

50:IllllIIIIIIIIIIIIIIIIIIIIIIII_
%‘ 40 ;— + Kamiokande —i
. . = == =
® Witness neutrino burst 7 ¢ A :
f | | E § ¢ § - @ Anglo-Australian Observatory
rom core collapse g 10 L T
O_I 1 A A I I O o6
5O—IIII|III|III|IIlllllllllllllll—
'% 40 E “ IMB
2 30f =
) 20:_ =
® Witness radioactively- = f.l...l...|...|...|...|...|...|;
0
50
SERARERERE R R RN RERERRRER=
powered SN afterglow = swb Baksan 40 geolomelric light afterglow
= E 3 ® Bouche anziger ( ) .
and = SI\/II\/I GRS : 305_ = 39 [ lzuntzheftf ftil (1392, 112::937) -
%1- “’H Aug-Oct'87 | &0 20;_+ + + + = -—’m\ - UVBRIHK Fransson & Kozma 516997: .
rays H §oop Ep e
v y 'TJ M“lm‘ !’ i OE||||||||||||||||||||||||||1||||E \E ;57})\:}\ 0.0001 Mo “Ti
2 I!HH’NH “I“H”H“ll“il 0 2 4 6 8 10 12 14 E 37 3 —
30T [ lll il Time after first event [s] 9 ?::%:q:?: ______ ]
l e
& 35 :I Ll |‘ fNF“Jr e || T-T*T
1000 2000 3000
05 Time (days)

E (MeVh 10t7+1988
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Cas A, a 360-year old SNR - X rays:

X-ray image surprise:
Fe rich knots outside of Si, S = overturn of material??

Hwang+ 2004

T I rTrr1rrirr

oxygen —

silicon

iron

counts/s/keV
1070 0.01 0.1
T I']""] T TT‘TTIT[_
Fe K o

o

T T III"II

Ar He o

1 lll 1 1 1 1 1
1 2 S
channel energy (keV)

10
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44Ti radioactivity in Cas A: Locating the inner Ejecta
NuSTAR Imaging in hard X-rays (3-79 keV; #4Ti lines at 68,78 keV) =

" first mapping of radioactivity in a SNR

Grefenstette+ 2014; 2017

Projected Velocity (km sec™)

0_1000___ 3000 5000
T 150

N
| |
5000 [~
>\
\

— Both #Ti lines detected clearly _ 100
Continuum

— line redshift 0.5 keV Si/Mg Jet [
— 2000 km/s asymmetry g Y 450 _
— “Ti flux consistent with g i,
earlier measurements z 'l 1 &
— Doppler broadening: Ej’ [ §
(5350 £1610) km 51 cxd 1"z
— Image differs from Fe!! ;:’ 2 _;,OOE
=5000
—-150
=7500 |~ |
—1-200

0 50 100
Projected Distance (arcsec)

‘¥~ 44Ti=> TRUE locations of ejecta from the inner supernova
“¥” Fe-line X-rays are biased from ionization of shocked plasma
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“Rare” Core Collapse Supernovae as **Ca (=*Ti) Sources?

: L} L) L} 1-9:0.0 'r L) L} L} L 7‘..‘-" T]
F B
Cas A oo
10~ :
= . .
B - ¢ o
— XN 0
- ® .
3 OV°.
& \ AP . -
= \* sSic¥er? et al. 2015
10-5 — b Srefenstette et al. 2014 -
= \CP ey z rebenev et al. 2012 -
- """‘:“\‘\‘?’@(\ Jerkstrand et al. 2011 .
P e Eriksen et al. 2009 1
- o (\% Q} @Q \_(\ o o o . -
| O S & Limongi and Chieffi 2003 @
I P RN Rauscher et al. 2002  x-
b QNG RN Maeda and Nomoto 2003 #
l 0 - 1 ’ . OQ\"\,\%%@ 1 i 1 a0 08 1B 8 l ) | L ) 2 4 4 4 1 l —-
.01 0.1 1
M(Ni58)/M,

Only Non-Spherical Models Seem to Reproduce Observed >®°Ni/**Ti Ratios

The et al. 2006; Dufour&Kaspi 2013 45



6Ni radioactivity = y-Rays, e* = leakage/deposit

SN la | o

=8.8d e-capture (98%)

My~ 5 log(M55)

- 2 -1
Line flux [cm " s ]

1+ 17 270+480 keV
st | y750keV (50%)1 | °°%)
Nl 2+
s y 812 keV (86%)
S light-curve timescale
i /j ‘%*;.; “Streteh-factor™ correcied 34+
1% +. y 158 keV (100%
47 e:._“i" . ' ’ _
: S— s 3.253(8%),2.598(17%),
optical 56Co B dece 1.038(14%),
i ? ; ) : (19%,E 06MeV) 41.771(16%) M
2 . . ' o
: Kim, ot al. (1097)
:A”,‘;CTTEGRAL rrrTTT 'Sll\ll;ar'olmlpclg 04 Y 1238 keV (68%)
Y 847 keV (100%)
+
| jl—_— I-fEllsS (tI)-I det )I )I | ? 56 Fe

" Time [days]
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SN2014) light evolution in the 847 keV >¢Co line

(0 0]

(o))

>

Compare
high/low res data
to models

>6Ni mass: 0.49 +/-0.09 Mg
(cmp from bol. Light > 0.42 +/-0.05f§</|@

N

0 847 keV line flux [10™* phecm™? s7]

frommodels > 0.5 403 Mcgo

“"Diehl et al., A&A 2015

| . . ' M i : : '—' . g

X+

——— W7 (Chandrasekhar-Deflagration)
............. He-Detonation

_____ Merger Detonation

A Pulsating Delayed Detonation

S o Superluminous He-Detonation
SPI Data (10 keV bins)

SPI Data (2 keV bins)

* o SPI Exposure

Best Model Fit (hed8x0.9)

W7 SD delDet ]
WD-WD merger _
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SN2014)J data Jan —Jun 2014: >°Co Imes

Doppler broadened v

Velocity [km/s]
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— Observe a structured and
evolving spectrum

— expected:
gradual appearance

of broadened >°Co lines
““” Diehl et al., A&A (2015)
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SNla and SN2014): Early *°Ni (v~8.8d)
Spectra from the SN at ~20 days after explosion

Clear detections of the two strongest lines expected from °°Ni

D/eh/ et al., Science (2014)
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u specirum (scaind b ﬂ 4 -
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5 5 I
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>6Ni mass estimate (backscaled to explosion):

~0.06 Mg (~10%)

l.e.: not the single-degenerate M y.ngrasekhar Model,
but 2 WDs (double-degenerate)

A
rver

__@} <5000kms

~20,000 kms™

— SN la are a variety

49

| B
B

Taubenberger 2017

Norma) Stfe In fr
“ Hicken ot ol 2000

E Phillios relation
E | oar—tio Olbg-lle WSS 000 ARG 20MY  Sedex E
—F | O et OS5 1006C  ASH 2006b. S5 2006k S0 2000cx |
E | 29 100me S 1991hg VPN 10spe SN E0IOX LN 200ugq | 3
E | 7.2 108an ASE 1W%n OS5 UM Swee—d A 6R 2000ee | ]
E | 7o 19080 VSmitdmp KU Leag  OSm 008y S 200ma | 3
E | Om5 1900ea OS5 16  Co—thd NS 20MgL R 2007t | ]
—L2F | 2iar 1eeedg 456 10008y OS5 2006K  ASH 2008 SR 20084 |
F | %= 2000ex ©SE 1990ds  LSE R00ke VSN 2007 SN 2000ee | 3
[ | 92T 20070108 @55 2000  AFIT 00duv  OS6 2000de  CEN 200 [
Y 2000803 S 20BL O 2010et  ASE 201Bdn 4R 2010w | ]
LST OMONR WSS S0Me S W0INm W W-CN  LLTN WLy | J
[} WENT 20080522 A SE 2006k Bust SR @6 2000 L8R 2012 |
@ NNY 20080TES  Oes e (5= Lesoa - 2000 3
15Q 1290 OS5 1090 S5 I0I6R A SH 2008) E
................................... 13
05 1.0 15 2.0 25 .5

Am,(B)



Sources of Nucleosynthesis

® Qur current inventory:

source main products
core-collapse supernovae Ni Fe SiCaTi UTh
thermonuclear supernovae Fe Mn Ca
novae F Na

jet-driven/magnetic supernovae Eu

hypernovae Zn

neutron star collisions La

massive stars O Ca Si Mg Al Fe
intermediate-mass stars C Ba Pb
low-mass stars He

50

107 y* galaxy”’

10* y* galaxy®

30y galaxy’

10° y* galaxy’

10° vy’ galaxy®

10° y* galaxy®

lifetime ~My...100My, birth rate 1y~ galaxy”
lifetime ~0.1-1 Gy, birth rate 1y~ galaxy”
lifetime ~>10 Gy, birth rate 1y galaxy’



Science with Cosmic Isotopes

Dense Molecular
-

Trace the forms of cosmic matter

51



Dense Molecular
-

spreading of new nuclei across time & space...
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Stellar Feedback

Astrophysical processes: Marinacci+2019
Radiation f | heowpline = Min(Rs4. Rsg)
Sample probabilistically —Photoiciliioz‘alt(ion
within heoupling to account = ) Superbubble radius
for number of photons \ (Eq. 37)
Radiation Pressure Rei
(Eq. 40) $
1
Mass & Metals return
o - SN weight
F . Res (Eq. 35)
:, X :. All ages
% : & ﬂr ) (tage~ 3-30 Miyr)
- .*" Weighted number of 35 SNII Energy g ’
0...‘..--‘9 h ell (Eq. 35) (Eq. 17)
P ot?En: gg)r € SNII Momentum
3 (Eq. 19)  +boost if Sedov-Taylor unresolved (Eq. 31)

¥~ Approximate treatments in current simulations:

Springel 2020

Star formation and winds

Variant of Springel & Hernquist (2003)
Cold dense gas stabilized by an ISM equation of state

Winds are phenomenologically introduced, with an energy given as a
fixed fraction of the supernova energy

The wind velocity is variable, the mass flux follows for energy-driven
winds

Fiducial model scales wind with local dark matter velocity dispersion

Winds are launched“outside of star-forming gas, and metal-loading can
be reduced if desired
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Modeling Compositional Evolution

o o T Changes in the forms of cosmic matter:

“¥"stars and gas flows:

m = Mgas + Msgtars + Minfall + Moutflow Mstars = M1 + Mc¢

dm
= W+ E+I[f-o]
dt
W (t) is the Star Formation Rate (SFR) and E () the Rate of mass ejection

ntergalactic

Gas
i " "¥”gas ejected from stars:

My
Eft) = f M—-Cpy) ¥ (t —tpg) M) dM

100 Myrs in a kpc? of a galaxy: M,
HD Run &x = Q.5 pc; 0/0gy = 1 300.00 Myr . .
e ““"newly-contributed ashes from nucleosynthesis:
3 The mass of element/isotope i in the gasis m; = mgX;
dimg Xi)
TI = —VYX; + E +[fXif — 0Xiol
My
Ei(t) = / YiiM)¥(t —ty) P(M)dM
M,

Y {pc}

Ingredients:
“"Sources: How fast do they evolve to return (new) gas?
the star of mass M, created at the time r — tp7. dies at time ¢

“"Sources: How much of species i do they eject (and/or bury)?

Yi (M) the mass ejected in the form of that element by the star of mass M

X (pe}

courtesy Miguel de Avillez

““” .. (locations and environments of star formation, gas flows, ...)
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Two examples:
Nuclear reactions to produce %°Al , ®°Fe

® The Na-Al-Mg cycle: p captures (H burning, +...)

26A1 Nucleosynthesis: Example of a Cosmic Reaction Network,
Common for Intermediate-Mass Isotopes

3| i,
%,
%
%

® Neutron capture on Fe in
massive-star shells

nucleosynthesis

]

What are the n capture rates?
What are the B decay lifetimes?
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26A| y-rays and the galaxy-wide massive star census

05 keV bmned AII Sky Al Spedrum (COMPTEL map)

SPl on INTEGRAL L] 5 e

- Detection significance: 39.6¢ (LR-test)
F 1=(1.6910.14)x10° phcm™?s™
[ E,=1808.9610.06 keV
AQE FWHM =357:0.16 keV
[ C,=(1.3110.39)x10° phcm™ s~ keV"'

— T T

SPI/INTEGRAL L

2016

30E

—_—
TTTT[TI T I T [TTITTTT

Flux [10° phecm™@ s™' (0.5 keV)™]
N
o
I

0 33 ......l...M.%i
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Energy [keV]

|
- Cumuiatlve' from MassweSta rs & ccSNe

\\\\|////
=0 o o
—Sas MR L e

y-ray flux = cc-SN Rate = 1.3 (+ 0.6) per Century
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Ejecta and cavities blown by stars & supernovae

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

here: the Orion region with the Eridanus cavity

‘ IR/molecular cloud
X=-ray bubble

Galactic Plane TESX HI shell

- - e | }— £-200°
200p¢ 300p¢ 4000pc¢ 500 pc
NN o IOzocm"
Orion A,B
molecular
clouds

" 'Local Bubble -
TR
i vy b:>+190¢._..'..-.

+I0km/s

%\ e \ -~ Nu ~3x lc.)'_'_cm'_"’.-'_f.-‘;; E S "“_i'}' :"4%%
NG 6203, ~37 <. O OB 1b: %

Verschuur etal
200 pc+ filament

3S1-hr Time = 0.00 Myr

Midplane density slice

s (1.5keV)™]

Flux [10° ph cm™

Zn L
1810 1815 1820
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How massive-star ejecta are spread out...

Superbubbl

es are

blown into

lower-density

regions
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26Al gamma-ray observations
Kretschmer+2013; Krause & Diehl 2015

- kpc-sized cavities
are commonplace

Halo star/AGN 4%

[ Cold condensed gas

‘. Fountain
cycle

Galactic latitude (deg) Galactic latitude (deg)

=150 =100 =50 0 50 100 150

Galactic longitude (deg) Fuj[moto-[- 201 8
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®OFe from a nearby supernova on Earth
The Sun is located inside a hot cavity (Local Bubble & Loop-1)
SN explosions within = ejecta flows reach the Solar System

Schulreich+ 2017
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Cosmic Rays: From sources to direct observation

60Fe in CRs: from Sources,
" Not from spallation!

1055 A

104
£ 10°
3 3 58
O 102

107

10
50

52 54 56 58 60

Mass (amu)

High-Resolution Mass
Spectrometry

““” Propagation from nearby sources (~few 100 pc)?
"~ Acceleration in ISM/Superbubbles?
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Messengers from cosmic nucleosynthesis

messenger message

photons (optical/UV) identify atomic species

meteorites discover variety of elements &
isotopes

neutrinos proof of gravitational collapse
proof of H burning reactions

photons (optical; time domain) oscillation modes of stars

photons (gamma rays) identify freshly-produced isotopes

photons (X rays) identify highly-ionised atoms (hot
plasma)

sediments on Earth & Moon identify ejecta cloud from recent
nearby SNe

presolar grains identify isotopic signatures of
nucleosynthesis processes in AGB,
SNe, ...

cosmic rays verify fresh SN ejecta within
nearby CR-propagation distances
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Cosmic Nucleosynthesis Overview

big bang _ — a ionised gas

nucleosynthesis
neutral H

first stars -

: ' re-ionized gas
first galaxies - 8

first supernovae ° e
- first new nucle1 eJ 2t LR
first compact stal"s ‘ / K4 i : - SN/star-enriched gas

new nuclei from blnarles o .
- first SNe la, R e ' ’ ' variety of sources

first neutron star mergers — T . of new nuclei
E : 3 108 yr
- O e el ¥y .. . .. - .. galaxy-merged gas

2| - (different enrichment F108yr
| histories)

Massive stars & SNe |—
NSMs, GRBs...
rare/exotic SN types @

Big Bang Nucleosynthesis

Core—collapse Supernovae

Eype [a Supernovae :
il Neuiron Star Mergers solar system isolates 9109
from current yr

* | nucleosynthesis

Xe,Rb,...Sr?Au?

E 0, Ca:Si. =
Sr, Sn,Au,U...

Diehl & Hansen 2020

Abundance relative to the Sun

-»Time [Gyr] Kobayashi, Karakas, & Lugaro 2020
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Observing Cosmic Nuclei - Status Summary

[Mg/Fe]
1

Stellar spectroscopy / galactic archeology is in an era of precision

“¥” large surveys >10° sources with spectra; metallicity fully covered

[Ca/Fe]

“““better stellar ages allows evolutionary-model test

Specific sources and their understanding are a challenge

“““Models for stars and supernovae are not (yet?) fundamental 'physics'
— SNIla diversity (°°Ni and how it reveals its radiation) = sub-Chandra models?

HD Run tx = 05 pe; 0/0gy = 1 300,00 Myr

— ccSupernovae are fundamentally 3D/asymmetric (**Ti ; jetSNe, HNe)

1000

. Joi

— rare events (e.g. kilonovae/NSMs) are multi-variate; astronomy?

8C0

800

Y (pe}

Cycling of cosmic gas through sources and galaxies is a challenge

400

““source environments are a variety (dense clouds.... cavities)

200

"~ evolutionary time delays and locations are poorly known

Varied messengers complement each other with essential diagnostics
Rplilgrd HDa-irihm'ann

" Radioactivity provides a unique / different view on cosmic isotopes (y rays!) EEEEEE

¥ particle measurements (sediments/meteorites/stardust/CRs) are essential \ll\vsi’g]ophysms

““"new astronomies contribute unique aspects (seismology, gravity waves) Fa(zioactive
sotopes
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