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What is a Supernova?
Nuclear-physics aspect: Rapid release of nuclear binding energy

— Making the tightest-bound nuclei: 56Fe: 8.8 MeV/nucl versus (13a+4n): 6.6 MeV/nucl
- 2.2MeV/nucl, =1108erg/g >10°terg/Mg

— H burning too slow; He, C, O, ... fuels are "explosive"

Astrophysics aspect: Explosions from stellar matter

— Implosion — explosion:
heat from collapse, Fe>He prevents thermal stabilization of star, explosive light nuclei = SNII

— Explosive light nuclei under degenerate conditions 2 SN | - C,0 White Dwarf!
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ccSN progenitors, classifications, and frequencies

Jerkstrand+2025
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ccSNe and their (exotic) variants

Modjaz+2019
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Complexities of Gravitational Collapse and SN

I UNLEARN THE ONION ;
Shell-Struetured Gravitational Supernova Raph Hix 2016
Evolved Mass IVE Star... Cor& Colla pse o ls hock Wave Observatic‘)ns tell us that the explqsion, and the ejected elements, are
/ e \ asymmetric. Yet we rely on spherically symmetric models to
B : &4 understand supernova nucleosynthesis. yi: 73
. — —_— \ & ; : ‘ : O+Ne+Mg: 3%
This colors our discussion, for Cc: 3
.......... \9 (\ example the notion that the matter Py S % J y
....................... 7 b N A" created closest to the neutron star is W 8

Reality

L Ly f :\\ most sensitive to the “mass cut”.
T L~ 9

. 5

;y " 1.5el2 cm
Wongwathanarat, Maller &
Janka (2015)

kowski, Burrows &

"\t:' “v Kharoussi+ 2020

Shock Region \\x\( Proto-l?fleutron .St _
Explosive Nucleosynthesis Neutrind Heati "o
P v of Shock Region from Inside =
2
Basic processes are more complex than £
the 'standard model' says: 3
|

“¥"pre-SN structure is complex = the trigger R T

of collapse can be EC, fuel exhaust, e*e” creation $ 6 8 02 0 2 4 6 8

Log (time relative to bounce [s])
““"collapse, ignition, and outflows all occur Ugliano+2012, Sukhbold+ 2016, Couch+2020

simultaneously | s —ws
Y TR T O
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““”collapse and accretion continue long after
ignition of nuclear burning

3
ZANS Mass [M,]

““"late accretion and fallback make explosion fail
for more massive stars



How stars evolve

““Nuclear energy release in core and shell regions

/< Energy transport and constraints from gradients in gravity & composition

Limongi&Chieffi 2018
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The Evolution of Massive Stars 7...15 Mg

Limongi+2024

AGB-> < SAGB > < Massive Stars
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Late burning stages

Jones+ 2013

logyo(t* /yr) logyo(t” /yr)

- - - -
e

4. l2 W4 : L )
logyo(t* /yr) log,(t™ /yr)
Shell burning stages are intermittent

Shells may ignite off-core, merge, ... proceed inwards

— pre-SN structure is ~uncertain!

Nuclear Physics in Astrophysics XlI', Cluj (Romania), Sep 7-11, 2026 8 Roland Diehl



degenerate-matter explosion dynamics could be a variety

fime = 0.950 s
T T[T [T [T [T T orrT

Meakin+2009

Roepke+ 2007 °

— Clgnition: at M, limit / triggered
(possibly not in WD center)

Model 2D-B10, total energy

5 r T T T T T T T T

] — Turbulent thin-flame propagation

T 1 sec . — WD expansion = flame extinction
>

_< —

— Issues: Rapid time scale,

- Large spatial dynamic cange
g » Nuclear burning C+O=>56Ni...

‘ » Expansion, unburnt C,0

e_tot [10e30 erg)

e » Mixing, non-sphericities

Q.0 0.2 0.4

0.6
t [s]



a SN la could arise from variants of progenitors

Explosion Models

: Liu & Ropke 2023
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Chandrasekhar-mass
explosion models

Original DD model
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Stable mass transfer

= Detonation = Detonation

= Delayed detonation = Delayed detonation
2) A surviving companion;

A wea}( deflagration leaves 3) Form an ONeMg WD

a partially bound WD = & neiitronstar?

l |

Normal SNe |a?

2) No surviving companion

Normal SNe la,
SNe lax

Other models: Core-degenerate model (super-Ch) ..

!

Sub-Chandrasekhar mass
explosion models

Violent mergers

Sub-Ch double detonations 1

l g ¢

Carbon detonation

Helium shell

Helium shell detonation

Carbon detonation

Stable mass transfer

! ! !

1) Double detonations:
15 He-shell detonation +
2" C-core detonation

Dynamically unstable mass transfer

1) Helium ignited violent
merger (i.e. D model)

1) Carbon ignited violent
merger model
= C-detonation is
triggered during the
merger process

2) Double detonations:
15t He-shell detonation +
2" C-core detonation

2) A surviving companion?

l 3) A surviving companion? 2) No surviving companion
Normal SNe la, l l
SNe lax, Normal SNe la 1991bg-like events,

1991bg-like events 2002es-like events

Other models: WO+WD collision, spiral instability ...
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Energy and radiation in and after an explosion

® (Optical spectra are a result of complex radiation transport

Explosive transient evolution

Diffusion phase Early tail phase Late tail phase
Optially thick and long Optically thick and short ~ Optically thin and short
escape time for radiation escape time for radiation escape time for radiation

Spectra probe

Spectra probe
surface layers

) Spectra probe
intermediate layers

inner layers

Many li Fluorescence can be important Few lines excited and
excited anf signi- for optical and NIE reduced optical depth —
ficant opticgl depth — emission line spectra
scattering spectra

= HI Fel
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Simple microphysics (LTE), Complex microphysics (NLTE),
complex transfer simpler transfer Jerkstrand 2025
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Log;o(Xi)

key input)

Temperature [10* K]

typical structure of a SN model (

Density [g ecm™]

Dessart+2014
Lagrangian Mass [Mg)]
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Assuming spherical symmetry

and local *°Ni energy deposits,
LTE is adopted to determine&

trace atomic transitions in the
expanding SN

- light curve in different bands
- spectra as they evolve

Challenges (wrt ccSNe):

® small e opacity by mass

® multitude of metal lines

- ~reasonable agreement
up to ~40+ days

Critical components:

® SN model (density,
velocities, composition)

® S5Njescape (y, e')

® atomic data (NLTE!)

® non-thermal processes

Less critical

[

non-sphericities

Observed Magnitude

Scaled Flux + const.

Modeling radiation transfer in SN la

Days since Explosion
T

® %0 o
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®eee oV105 |
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5 +18d B
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Determining *°Ni mass from light curve fitting

("Arnett's law")

one-zone modeling of the SN envelope reradiating *°Ni energy
>5Ni decay energy is deposited beneath the photosphere
deposited energy diffuses through the SN; some y rays escape

deposited energy appears at the photosphere, as the SN evolves

' : oL _ dariica 9T (x, 1)
“ energy balance: E+ PV = é€inp — = diffusive transport L=-— ™

with diffusion timescale  # = 3k R3/Vooace = kM /BcRy

: N DMy —| 5+ !
“F756Nj-powered luminosity L(t) = 22N, [’5+ v ] [(eNi — eCO)/
0

e
X [& + t—] e[’5+ vg ]e_t//tNidt/

vty Iy
t / 12 2Ryt
Ry t [(5+=%-1 A2
+6C0f — +—|ed va e odt | (1—e )
0o LVla I

with y-ray optical depth 7, =, pR = At~2
Chatzopoulos+2011,2012

this does not account for time-dependent ionization and opacity
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Gamma-ray line spectroscopy: the science potential

Radioactive trace isotopes from nucleosynthesis reactions and released in source's ejecta:

Isotope Decay Decay Chain v -Ray Energy Detected Source Type
Time [keV] Source
208T] 4 min 208T]| _, 208py, 511, 722, 861, (none) NSMs S
2615 . (\
1285 13 h 1289 _ 128T¢ 75, 404, 482 (none) aAlc, NSM ‘m
132) 46d 182Tg— 132] 5 132Xg 506, 523, 630, 668, (none)a( hite Dwarf&\
773,1318
S PP e A
893y 50 d 895189y 909 \)\mone) . n@ hite Dwarf, RG
‘ A\~ 4
"Be 77 d "Be —» TLi* & (rgela Na
’
soNi | 8.8d: 111d S6N[j > 56C0* —»SOFe*+q’ C‘ 8, 812; S@ (\alpernovae
6\) 847,123 “ SN1987A, O
:__ s SN1991Y(
57Ni 390 d h*’f@: ( e A Supernovae
2Ng 3%\‘ 22Na _)22|‘ &\ @Qa (none) Novae
)

“Ti }' ﬁe ‘Ca*+e* 8 1157 SNR Cas A Supernovae

20230 .- Q—NBM 352... 609...2615 (none) NSMs, SNe

126 q —>126Te 666; 695; 87; 64 (none) NSMs, SNe

6‘ 1.04 10° (\ A1 — 28Mg* + e* 1809 Massive-Star Stars, Novae Supernovae
. ‘ é Groups Cyg, Ori...
‘ -
60Fe \ Xgosy 60Fe — 60Co* — SONj* 59, Galaxy (?) Supernovae, Stars
O 1173, 1332
e 105... 107y e*+e > Ps —yy.. 511, <511 Galactic Bulge, Supernovae, Novae, Pulsars,

Disk Microquasars.. O“\'\f\e"’ " CP\S\
Only the most-plausible candidates per source type are listed plus: \ea ex c\’ta“ 160, 2 (§r0
2
(abundance; decay time (weeks<t<108y) long enough to survive ejection/not too long to be br@j‘}g‘ 2_2', e,



The Challenge of Finding SN2014) Gamma-Rays

7« Current Gamma-Ray Telescopes Have Large Intrinsic Background

" Cosmic Ray Activation of Spacecraft and Instrument

1 | 1 1 | I 1 | 1 1 I 1 1 1
10-1
10-2 L
10-3

typical background intensity

10-%
10-¢
10-7

10-8

10—9 1 1 1 1 l 1 1 1 1 l 1 1 1
500 1000
Energy, keV

Phot/s/cm?/keV
o
a

Flux

€Xpected signal from SN20144

=

from Churazov et al., 2014



INTEGRAL: Dominance of instrumental background
SPI Ge detector spectra

10" g I | i | =
B 2 107
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1 09 — *
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i 8
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@) [ —i l' | \ /// ]
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O 1 | N /
o 7 — %l;’lBauk round ' //
P 1 0 = Z~- " Indvidual Components ll 7 -
o ~ I B
A | .
C 13 L, 1
S 2 -
2
o
10°L =
El [keV]
1 05 | nergy [ke | | | |
20 50 100 200 500 1000 2000 5000

Modelled/understood at high precision Energy [keV]

s Yale 1A 16 DA~



SN1991T: °°Ni decay gamma rays ones 1955 1997 2000

% Y N
. @ zoo E +/ } ]
~10 Apr 1991in NGC4527 (d~13£2 Mpc)  © 2000 1 e ]
unusually bright 800 1oooE 1zoo(k1 z\x/(;o 1600 1800
nergy (ke
“““maxy~11.5 ~20 Apr 1991; high reddening, slow decline
spectroscopy 2> clear Fe enrichments <
COMPTEL observation results: “
‘&~~28 days of observation (t=66-79, t=176-190) o T
“““modeling instrumental background; likelihood analysis g 22 /f'“x (t ;
“¥"spectroscopy: °¢Co line detection (3.6 o) ° jz \
“““imaging: 3.1 o point source excess @ SN91T position i ﬂo % ;
s F756Co line fluxes (847/1238 keV) (7£2) (4==1) / 105 ph cm2 s ZZZ D
~ } 4, | Doys‘smce SN ?xp\osiom | :
M56N' 1.5 MQ (>06) 010 (a) typical bgd spectrum |
3.0x10 prag. A =

other estimates of Mg :
"~ optical spectra model: 0.9-1 Mg, 1.0x10%
““"NIR Fe lines: 0.4-1.2 Mg

Counts
N ¢
o
X
o
T

500 1000 1500 2000 2500 3000
Energy (keV)
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SN2014)

® SN2014J in M82
(Starburst Galaxy)

¥ Discovered 22 Jan 2014

‘¥ Likely Explosion Date:
14 Jan 2014 (14.75 +/-0.3d)

““"Distance 3.3....3.53 Mpc,
1=141.41°, b=40.56°
““"Closest SN la in 40 y!




B-band peak absolute magnitude

Observed Mag (unfiltered)
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-19 1

SN2014) evolution in std spectral bands

Consistent with a
“normal SN Ia”
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Flux (photons s™' cm™ keV™")

SN2014): SNla model verification through >°Ni decay lines

>5Ni decay chain line spectroscopy: 847 and 1238 keV lines clearly detected

Churazov+ 2014
| | | | | | ] | | | | |
" t=50..100 IKI, MPA and INTEGRAL team
B SN-2014J
10™° ]
SPI data -
5x107° { ISGRI data —




SN2014)J: SNla model verification through >°Ni decay lines

Tracing the light curve of gamma-ray lines 2

>6Ni mass: 0.49 +/-0.09 Mg
(cmp from bol. Light > 0.42 +/-0.05 M@
frommodels 2> 0.5 403 Mg

e b e T e

_ g)handrasekhar—Deﬂagration)
............. He-Detonation —
----- Merger Detonation )
n ————— Pulsating Delayed Detonation -
e Superluminous He—Detonation
SPI Data 510 keV bins) m
SPI Data (2 keV bins)
SPI Exposure B
Best Model Fit (hed8x0.9)

Diehl+ 2015

00)
I

WX+

(o)
I

B 7 SD delDet 7]
WD-WD merger —

N
l

%Co 847 keV line flux [10™* phem? s7]
N
l

o

Time past explosion [days]



SNla model verification through >®Ni decay lines

Investigating the potential of gamma-ray lines for SN la parameter estimates =2

““simulate SNIa model gamma-ray spectra vs. time after explosion

““"use an adopted instrument for a gamma-ray measurement

““"use derived line fluxes & spectra to constrain SN la parameters

¥~ vary gamma-ray source and propagation assumptions:

— single scattering shell

- determine 3¢Ni mass and gamma-ray leakage time

— adding spectral shape constraints though multiple shells of homologous expansion Leising 2022
- determine also the ejecta mass 250 e BRRRSREEER 200 1

£ 200F 1 £sof ]

S 150F 3 ‘s s ]

g : E 100 - 7

>Ni mass can be determined £ 10 ER ]
Z 50F J = C _:

to io'oz M@ (4%) E....I....I..._l—....I....I....: ..J.TI...I...I.---

— next-generation instrument;
several SNe/y

0
0.50 0.55 0.60 0.65 0.70 0.75 0.80

*°Ni Mass (M)

200

Application to SN2014): 2 150
(with current data) g 100
36Ni mass: 0.4 +/-0.1 Mg E

50 F

..I—l_‘.l.._.J_...E

O_. FTErE EPPTE A
060810121416 18 2.0

Kinetic Energy (10°" ergs)

Number of fits

0 1
1.0 12 14 16 18 2.0
Ejecta Mass (M)




Positron annihilation in SN2014)

Sonnberger 2019
511 keV |ine emiSSion 2‘0X1O—5:|I+Du;3 16416—16!'2.8 r;volut;uns 1I380—I1‘4‘28li I I | | : -:- Ig:lu;fj;éi ;;zi:tsl I E
suggested (1.70) e A
Flux consistent with E Lox10TE E
~>6Co line fluxes E 5.0x10- - JF =
- ~all e* annihilating PR B i =S P I NN L
: - : TJF 1B T:
Blue-shifted by 10-15 keV (?7?) ook E
COXI0SE T
480 500 520 540 560

MOdEl StUdy Energy [keV]

¥ positron escape is ~10°2/SNla 1104 | | | i

+—t W7 Chan&sokhu-Deﬂagmhm)

(<2% of all Galactlc e*)

E—aF’ulsangehyedDewmnon

H == ‘
° [ oo Turbulent Models @ A 1 ]
0.9 | B) Effect of Central Density ? T . )
08 B3 S o — . ]
=07} il o 5x107 - -
" B9 —-— i T |
06 S = \ I ,
& 05 3 T : ‘ l
204 q, % ' .
a bt | % /B/B’B’E——E — i
S 0.3} DDn4o & W
L DDN20 , > 0 . R el LTt —
e B ¢ AT 2 L ]
01f . e e z = ]
ol 2 gl S = T IPETAR AT OL Yo L
0 200 400 600 800 ( ]
Time (d) A0 L
Mera Evans+ 2022 0 50 100 150 200
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Flux [107° ph em™ ™' keV™']

15[
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SN2014J: Early *®Ni (v~8.8d)

Spectra from the SN at ~20 days after explosion
Clear detections of the two strongest lines expected from ®Ni

.
o
T L B §

4,
T T r

E ) Raw u;vamm [3cnnd by I.';SI .
- ~= SS9t mmmurement 1
: — Fitiod spactrum

: = = Fitted sk positon =

ign of nearest
-’stm%mm L]

—

JUF |LJT4

WH b ﬁﬂ'
158 keV 390

‘150‘ s 10 s 170
Energy (keV)

Intensities:

Flux [10~° ph em™ s™' keV™]

Diehl+2014

15

.
Raw spectrum {scaled by 125)
L == SPImeasuremen

10 [ = Flled spectrum

: = Fited pesk pastion -

i il e L i

5 _ %

ok ‘L‘L | + 4‘ | -l- ‘L ||

T T T

. :

I 812 keV 310 -

-10 [ AT WP T I | [
800 805 810 815 820 825

Energy [keV]

(1.14 =0.43) 10* ph cm= s1 (158 keV line)
and (1.91 =£0.67) 10* ph cm=s1 (812 keV line)

- >®Ni mass estimate (backscaled to explosion): ~¥0.06 Mg (~10%)
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>6Ni radioactivity = y-Rays, e* > leakage/deposit evolution

SNla, —

Line flux [cm'2 s'l]

f. 3 light-curve timescale
' Y “streteh-factor™ correcied

My~ 5 log(M55)

[ T T T T LI T =
€~ INTEGRAL SNIa at 20 Mpc A
) &NeT 56Co (847 keV) .
107°F
B
10°€3 2
C WT7DT (del d ]
€5 —_ HECD é-[ee b E
C = — —- DD202C (del det) 3
‘ T W7 (deD) .
- —--— HEDS (He det)
~0 A L ST T T [ S S TR T N T T -
0 50 100 150

Time [days]

e--capture (98%)

0
7=8.8d
1+

56N ”

W v 270+480 keV
2

p* - decay ’
(19%,E~0.6MeV)

=

Nuclear BE release from 0.6Mg [C,0 - °®Ni]
*®Ni decay y rays and e* in expanding/diluting envelope 2>

Heating of envelope material by absorbed y,e*
- Re-radiation of deposited energy in opt...IR radiation

Leakage as envelope expands
- Escaping y,e* lead toy ray signals

Light curves in optical & y rays complement each other
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Witness neutrino burst

from core collapse

Witness radioactively-

powered SN afterglow

and

y rays
as Its
source

Rate (counts-s~!-Mev™!)
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SN1987A

® Witnessing the final core collapse of a
massive star of mass 22 My, in Feb 1987
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X rays and beyond: 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 #4Ti lines detected clearly
— redshift ~0.5 keV
— 2000 km/s asymmetry

— 44Ti flux consistent with
earlier measurements

Continuum
Si/Mg Jet

— Doppler broadening:
(5350 +1610) km s

— Image differs from Fel!!

g § 5 2

-" ‘9 4 \;.
; v '
: ,. TR )\QP ’
.’: v . ‘¥

e

‘¥~ 44Ti=> TRUE locations of inner-SN ejecta

“¥”Fe-line X-rays are biased from
ionization of plasma by reverse shock

Grefenstette+ 2014, 2017
‘_”| X rays: CHANDRA & NuSTAR
E

__t=85y, EC

44T]

, t=5.4h, B*

44SC

Flux [10~® ph/cm?/s/keV]

1100 1120 1140 1160 1180 1200
E [keV]

INTEGRAL/SPI-> clear Doppler shift of #4Ti

(1800 +800 km s* away from observer)
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Nucleosynthesis in (3D!) cc-SN

T T T T
Entropy (k; nucleon™)

123456789

“For each specific region,
only certain reactions
affect the yields of #Ti”

Log Peak Density (g cm?)

typical ccSNparameter regions . .«ctrand+2015
10 R s ey Y T

Density/Temperature Regimes in INNER Regions

NuGrid collaboration (Magkotsios et al., ApJ 2011)

Final
Mass
fraction

nuclear reaction network

Proton number (Z)

0 30
Neutron number (N)

10*

10°
9
10?
10’
8
10°
74 - 10"
|
102
6
10°
10
5
10°
4B 10°®
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log1o(X;)

Late stellar evolution: shell merging

merging shells affect pre-SN structure and late nucleosynthesis

Roberti+2025
1 0Fe+Si O__Ne _ _C . . He+envelope 100 _— C—'O shelllmerge'r —
P ; . i32g after shell merger
4He 1 H H -
10 - : :
< 08 b > E \\ E 24Mg g T
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1 1 1 1 10 A Observations of Supernova Remnants
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L e ] e e e ; @@T _[p@*
15 20 25 30 35 40 45 50 55 6.0 ; ; ; ; 10-1 10-2 ; . ? . * ¥ ) *
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26A| y-rays and the galaxy-wide massive star census

SPl on INTEGRAL o Total photon model
% + Measured SPI spectrum
j Y ¥ SPI/INTEGRAL
s £
2 o 2023
5,
§0_ *|*+*I|“IL+ : Whot P by ot i }
5 f
1790 1800 1810 1820 1830 1840

Energy [keV]

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

30 Diehl+2006,2018



Radioactivities from massive stars: R it

S0Fe, 26A|
- Messengers from Massive-Star Interiors!

Interior Mass (Mg)

...complementing neutrinos and asteroseismology!

2204,

I |l T T I T I T I I 1 1 I
| fet nuelear erergy generatlon (barning plus neutring loasss) inerg g s
20 -2 o w7 6?0l x192 0
L
E
- é!-:
— [if
S 3
=
Q -
y - 15
£ =
2 L
g
w 7
S 10 |
E '
©
p - 3
rocesses: ©

' Hydrostatic fusion
7« WR wind release
V< Late Shell burning
"'« Explosive fusion

"'« Explosive release |

2 0 -2

log (time before SN) [y]



Modelling a Massive-Star Group U

convactive smalops (red supergiant)

Extract massive-star properties (as a function of their mass)

Stellar-evolution phases and their durations

radius (relative mass)

Characteristic emissions in radiation, winds, and ccSN energy W ogtimely)

Characteristic yield in nucleosynthesis '
Create a sample for a group of stars =

Exploit the mass distribution (IMF) |

107! 10°
Initial mass M [Mo]

Accumulate the group outputs versus time

““"loop over the star sample in small time steps
and summing up outputs

““"Time profiles of =1,
characteristic emissions E X

Q
" Statistical variations 2o
= =
)

Time [Myr]



Population synthesis: impact of different inputs

Acronym Exploding stellar models

S09 M, >8
J12 8 < M, <100 and 140 < M, <260
S+16 Irregular islands and valleys of explodability

LC18 8<M,<25

Pleintinger 2020

variatinn nf avnladahilityy
sic yields

N
o

—— S09 (Smartt 2009) & Chieffi 2006
— ]12 (Janka 2012)

—— S+416 (Sukhbold et al. 2016)

LC18 (Limongi & Chieffi 2018)

26A1 [107% Mo ]
=
o

25 30 35 40

Single star / SN model LC18
—— Explodability LC18

26A1 [1074 Mo]

10 15 20 25 30 35 40
Time [Myr]
Binary wind yields from Brinkman + 2019
—— Binary fraction = 0.0

-=-= Binary fraction = 0.7
------ Binary fraction = 0.9



Bl [Mo]

Measuring 2°Al from massive-star regions
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Total 68% interval
- Today
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Flux (ph/em’/s)
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Siegert+2026
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Garmma-Ray Spectroscopy - Summary

>6Ni mass has been determined to 20% precision (sN2014J),
~4% precision as a near-future perspective

(even) SN la explosions appear not spherically symmetric:
>6Nj 'clumps' (sn2014)) =2 ignition off-center ?

inner **Ni
(opt. thick),

cc SNe reveal their inner asymmetries through #*Ti ejecta:
Doppler shift reflects global asymmetry (Cas A)

*Ni belt
(opt. thin) } <5000 kms™

~20,000 kms™'

26A| (and ®OFe) ejecta reflect shell-burning histories:
different massive-star groups provide probes at different ages;
ejecta can be traced flowing into circum-group (super-)bubbles

Messengers complement each other with essential diagnostics:
Let us exploit nuclear physics expertise!

¥ Radioactivity provides a different view independent of T,p
on supernovae (explosion trigger; asphericity; pre-SN evolution)

"~ A next gamma-ray telescope (Laue lens / Compton telescope)
in 2040+??; INTEGRAL ended 2025; COSI (2027) is a great first step ...
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the 'MeV gap' challenge: significant astrophysics with new instruments

Xerays prays (spce 12ys (o We can build on achievements for brightest sources
| | | | | 1 | | | | | | o .
6 10 14 [log E, eV] . . .
R S Y A R (and prospects from theoretical considerations: 'new'!) Galloway+2017
| | | | | | | | | | | | 1 |
- - - og 2., m ‘ 5
e " o We can do now >one 0.0.m. better now :
- L . J i Compton Telescopes+.. are being developed in labs i
atomic o S
yoms nuclel  electrons*, nucleons, pions, IC... é’ eAStrOEa m ETCC . VT
Pair e\\//ent Compton event DeAngelis+2017, 2018 Tanimori+2015
< - Silicon gamma-ray
~ é tracker
non-thermal emission - Plastic anti- ARM E

coincidence detector .
> gas-filled TPC/l

—§
10" T =SPI,achieved SPI Scintillator
IBIS-PICsI I,- calorimeter
107 5
COMPTEL EGRET
~10 |
~ 10
IUJ
o~
| —11
g 10 1 DT =
%0 High energy gamgAST/C N SA
2 10" IBIS-ISGRlef a5 focing st e Peng+2020
=
:':‘,; Multi-Layer Germani ium
g s " aers 8
10 7 _
NuStar High voltage
filter/feedthrough (16x)
107 oot NN—
) . tube (HV/PMT)
Anti-coinci gﬂe;jc;::;zl;ﬁ) (120
e COSI/NASA
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eIectrons in the ISﬁ/F?."-
Low-energy gamma rays: ([ Wﬁ’% o o

Complementary Messengers

(free free radio emission, WMAP) (Be;ynert+2003)
® -SNj, 44Tj, ... provide " starlight
diagnostics of stellar s

eXp|OS|OnS (2 urﬁ'IvRe_missioﬁ‘, 2MASS) (Skrutskie;+20;)6)‘ |

® “°Al radioactivity positrons in the ISM
gamma rays trace M -
nucleosynthesis ejecta s
over ~few Myrs

(511 keV y-ray emission, INTEGRAL/SPI1) (Yoneda+2025)

® Radioactive emission is
independent of density,
lonisation states, ..., (1809 keV 20Al y-ray- mmfeeoﬂrawmnmw%» R
and provides a clock ") '

e Positrons, when cosmic rays exciting ISM

M . . - -9 — - 2
annihilating, produce a | e ——
bﬂght 511 keV ||ne (GeV.gamma-ray emission, Fermi-LAT) (Acero+2015)
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