Nuclear Astrophysics

- Observing Nuclei in Cosmic Sites -

by Roland Diehl
MPE Garching
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Outline

Theme of my lecture, the context, the role of astronomy
How cosmic messengers of nuclear-physics impacts are obtained

What we learned from "astronomical constraints"
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Astrophysics and Nuclear Physics

* Nuclear Physics in Cosmic Environments - where is it relevant?

Nuclear Energy Release
- Structure of Stars
- Dynamics of Explosions

Nucleosynthesis

- Elemental Abundances in
Stars and in ISM (SNR), IGM

- Radioactive Isotopes

Abundance (log N, H=12)
o

Characteristic Nuclear Radiation o Y
- Nuclear Excitation (Emission/Absorption Lines) -; - T ]
- Radioactive Decay T
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““"Nature of Cosmic Sources, Cosmic Pr'ocesses
" Search for New Phenomena
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What is a massive star?
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Stars are gravitationally
confined thermonuclear
reactors

Each time one runs out of one
kind of fuel, contraction and
heating ensue, unless degeneracy
is encountered.

For a star over 8 M,
contraction and heating
continue until a Fe core is made

Gravitational collapse ensues,

after no energy-providing fuel
is left

Roland Diehl



Astrophysics and Nuclear Physics

“« Nuclear Energy Release
- Structure of Stars o

net nuclear energy generation (burning plus neutrino losses) in erg g‘1 5
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Astrophysics and Nuclear Physics

¥~ Structure of Neutron Stars
- Mass-Radius Relation €-> Composition & State of High-Density Matter

Schwarzschild condition R = 2GM/c?
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Astrophysics and Nuclear Physics

Nuclear Energy Conversions
- Dynamics of Explosions
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Example: C Fusion (*2C+12C)

The Importance of Low-Energy Nuclear Resonances
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"Hindrance"?

Gasques et al. 2009

Simulations of CO-WD Last Stage Before Runaway

() Zingale+2009

2

(a) 800 s; (b) 3200 s; (c) 3420 s; (d) 7131.79 s
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Astrophysics and Nuclear Physics

Nuclear Energy Release

1 —
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The Quest: Origin of the Elements
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Abundances: An Astronomical Measurement
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Relevance of Knowledge about Cosmic Abundances:

&

Astroparticle School,

Nuclear Reactions in Cosmic Environments
Astrophysical Conditions in Nuclear-Burning Sites

Formation of Stars and Stellar Assemblies...Galaxies
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Enrichment of Cosmic Gas Supplies with Nucleosynthesis Products
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| .Co.s.".‘i.c Chgmi;al Evolution
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Cosmic Nucleosynthesis

* Big Bang Nucleosynthesis
Extrapolations of Metallicity Evolution Data

Cosmological-Model Consistency Validation z~1000
g

* First Stars: z~20 B
Gamma-Ray Bursts =
Quasar Absorption Lines
Abnormal Metal-Poor Stars

* Early Stellar Generations z~3..0.1 L |
High-Redshift Galaxies' Metallicities Ly ‘ |
Metal-Poor Stars 4____5 s s
Intergalactic Gas (WHIM, Clusters) s
SNIa, GRBs

|
i
|
|

|
| Big bang singularity

*  Current Nucleosynthesis | - |

Nucleosynthesis Sources |
(Massive Stars, Supernovae, Novae) |

Recent Stellar Generations, ISM
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Cosmic Cycles of Matter

Dense Molecular
CIouds
P

evolution

infall

(e.g. HVC's, streams
Compact
S Remnants qg (@8NS

AW (in bmarj/ single
‘\ pUIsar )
SNIa ®e

nova Blnaryx ray Binary
Interactions
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One of the Key Tools of Astrophysics:
Where do specific atomic nuclei and their abundance originate?
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-> how much do we understand?
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Nucleosynthesis

- Elemental Abundances in
Stars and Gas

- Radioactive Isotopes

Astroparticle School, Bdrnfels (D), 06 Oct 2010

=12)

Abundance (log N, H

log (production factor relative to solar)

12

10

1.0

0.5

40 60
element charge number

B R.Diehl_6/96
ee (Cowley89)
: a elements
'
. C o Fe group elements
' ’JIN: & (most tightly bound)
1. ¥
' N.heoeS B
v n ®
Vo vyt LA n
[ ."-".OC“ nyNi
. A R N e
I AT tighter-bound elements
& ® vy, R
o & o' i (closed shells)
I Sler Lizn
v 8 S
414 «, F wd Ge
vy wV @
Li .| ' é ° “.'- ® sr
N .ﬁ Sc
i I-,' Pt
° . Roe D.y 001
Be fragile elements I.' ..'o‘ ',‘ ° '.‘ g l', ¥
E“."ik‘_'. aTh
(o) 20 40 60 80 100
S.E. Woosley, A. Heger / Physics Reports 442 (2007) 269-283
T T T T T T T T T T T T T T T T
L Ga ccSN yields -
L Qu integrated over IMH

xoiand Diehl



Characteristic Nuclear Radiation
- Nuclear Excitation Lines
- Radioactive Decay
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Astrophysics and Nuclear Physics

* Nuclear Physics in Cosmic Environments - where is it relevant?

Nuclear Energy Release
- Structure of Stars
- Dynamics of Explosions

Nucleosynthesis

- Elemental Abundances in
Stars and ISM (SNR), IGM

- Radioactive Isotopes

Abundance (log N, H=12)
o

Characteristic Nuclear Radiation o Y
- Nuclear Excitation (Emission/Absorption Lines) -; - T ]
- Radioactive Decay T
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““"Nature of Cosmic Sources, Cosmic Pr'ocesses
" Search for New Phenomena
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The Isotopic Landscape
and S process

Cosmic Sources i m
p process |

‘ —
S
/

Sn (50) - .

-1

- process 7 A
/

@ 7
; - ~300 Stable and
A H“.l ~2400 Radioactive Isotopes

=
» Cosmic Nucleosynthesis

Covers Much of this Range
* Knowledge of Nuclear Physics
"\- is Incomplete
neutrons




Nuclear Reactions in Cosmic Environments
Tunneling Reactions of Thermal-Particle Populations

|||||||||||||

&
o(E)= 1 gom -S(E)
E
- isolate nuclear properties
from tunneling & geometry
&
g V1V -

- (still) difficult fo measure
at nuclear lab facilities
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Example: Measuring H-Burning Reactions
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Key Nuclear-Physics Questions

What is the Nature of the Nuclear Force, as it
Binds Known Nuclei?

What is the Origin of Simple Patterns found in
Nuclear Structure?

What is the Composition and Structure of
Neutron Stars?

What is the Origin of Cosmic Elements?

What are the Nuclear Reactions that Drive the
Evolution of Stars and Stellar Explosions?

“” adapted from Dean, PT 2007
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Astrophysics and Nuclear Physics

* Nuclear Physics in Cosmic Environments - where is it relevant?

Nuclear Energy Release
- Structure of Stars
- Dynamics of Explosions

Nucleosynthesis

- Elemental Abundances in
Stars and ISM (SNR), IGM

- Radioactive Isotopes

Abundance (log N, H=12)
o

Characteristic Nuclear Radiation o Y
- Nuclear Excitation (Emission/Absorption Lines) -; - T ]
- Radioactive Decay T
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““"Nature of Cosmic Sources, Cosmic Pr'ocesses
" Search for New Phenomena
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Astronomical Observations throughout the e.m. Spectrum

ht
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Astronomy across the Electromagnetic Spectrum

Radio IR opt UV X-rays y-rays (space) y-rays (ground) =)
sub-mm FIR NIR a
| | 1 | | | | | | | | | | | | | | | I> “
I R 2 oy 2y, ey oy e |1;4 [log E, eV] O
8 12 16 20 24 28 [log v, Hz]
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(s -4 -8 -12 -16 -20 [log A, m]
o
‘ o LJ Y :
Y atomic e (o)
electrons  molecules, LD nuclei electrons*-, nucleons, pions, IC... w
(mag.field) dust
o
N — < J e,
Y YT s
Lo thermal . 1 L
non-thermal emission _ . i-cion non-thermal emission

’c "Nuclear" Astronomy:

T Diagnostics of high-energy processes MeV...100 MeV

¥ Nucleosynthesis Probe

¥~ Unique / Direct / Complementary
- Intensity not dependent on ionization states, temperature
- No attenuation/occultation issues
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Special Characteristics:

A
' ““"No "Activation” (thermal, ionization)
<
“ Related to Specific Nuclear Reactions

3.7 No Occuktation Corrections

Roland Diehl




Special Characteristics:

“¢ Emission due to Radioactivity
' ““"No "Activation” (thermal, ionization)
% Isotopic Information
“ Related to Specific Nuclear Reactions

e Penetrating Radiation
g = No Occultcmon Corrections

““"Poor Imaging Resolution (deg...arcmin)

““"Galactic Sources, SN Ia < 10Mpc

Roland Diehl




Nucleosynthesis Study with Gamma-Rays
-> Physics / Processes

at/inside the Nucleosynthesis Site

Isotope Mean Decay Chain ¥ -Ray Energy (keV)
Lifetime
"Be 77 d "Be — "Li* 478
SONi 111d S6Ni > 5°Co* —*°Fe*+e' | 158, 812; 847, 1238
5Ni 390 d S"Co ™ >"Fe* 122

2Na 3.8y 2Ng — 2Ne* + e 1275 b1l ke\/, ’Be -> Novae
aarr; 89y 4G x> g et 78, 68; 1157 -> p_Cap-l-ur.es’ [3+ DeCGys

25A1 1.04 10°% 20A1 7 Mg* + e” 1809
%OFe 2.0 10°% 60Fe —> 80Co* —> 6ONj* 59,1173, %
e’ ... 10% e'+e" 7" Ps T V.. 511, 4611
gt E / SNe, v-Process
; PN TN T
SWE - HEEEMENEND Sy
“H TTT==T:-E?f;»ﬁ 38
.7 M EHEEe R
'~ #4Ti, %Ni -> Most Stable Isotopes %°Ni/
U R “He, Freeze-Out of NSE
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Gamma-Ray Astronomy: Instruments
Photon Counters and Telescopes

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

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

(Laue Lens & Detector Array)
(CLAIRE, MAX)
Spatial Resolution Defined by Lens Diffraction & Distance

(Coincidence-Setup of

Position-Sensitive Detectors)

(e.g. CGRO-COMPTEL, LXeGRiT, MEGA, GRIPS)
Spatial Resolution Defined by Detectors’ Spatial Resolution

Achieved Sensitivity: ~10-5 ph cm-2 s-!, Angular Resolution = deg
Limitation: Overwhelming Instrumental Background

> Need Discriminating (& Imaging) Information per Event
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Interaction of HE photons with matter
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Interaction of HE photons with matter
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-> Secondary Particles
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-> e.m. cascade
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The Imaging Compton Telescope

Compton Scattering: A Coincidence Technique

COMPTEL

Gamma-ray

|‘ .................. -:}
Gamma-ray scattered; \
light emitted. \
I.ighl recorded. w E e Rigl:toAsc(f:)lsiona[odeg]40
) B
=i 9
Gamma-ray absorbed, + a2 VT LS )
light pulse emitted,
andrecorded
E 14
! o1 1
(pgeometric = arccos + mec -
E, E,-AE
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Excentric Orbit
9000-150000
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17 October 2002:
06:41 Launch from Baikonur / Kasachstan

Summer 2008:
Healthy Spacecraft & Instruments
Mission Operations till 2012+
SPI: Coded-Mask Telescope 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV
Spatial Precision 2.6° / ~2 arcmin
Field-of-View 16x16°

Roland Diehl
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Achievements:

26Al in our Galaxy: Image and Spectrum

20~
- E=1809.09 (+0.08)
- FWHM=0.53 (£0.34)

| 1=3.20 (0.18)
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Capabilities for Nuclear Astronomy

X/v — Instrument Sensitivities
. 10_25 LR B L B L R R
Experimental E for T = 10°5, 86 = E w0 o2/
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What Did We Achieve?

Comments on Science Results, and How They Have Been Obtained
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Astrophysics and Nuclear Physics

- Structure of Stars

R.Diehl_6/96)
(Cowley89)
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Following Stellar Evolution

Rauscher; Heger 2003

'« The "Kippenhahn" Diagram: Could be Very Different!

T l ] T I
— net nuclear energy generation (burning plus neutrino losses) inerg g'1 s
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Stellar Structure Complexities

#c Stellar Rotation Incurs Structural Changes!
T T+ stellar rotation img\act

T | T T T I T T T | T T T | T
- net nuclear energy generation (burning plus neutrino losses) in ero o eynet 2007
—1 0 2 -

T s02 »100 si0t 0 o ISR

net nuclear energy loss (burning plus neutrino losses) inerg g~

L N : — 1
-1F 60M,, v,,= 0 km/s R §
' P/

pr— —— ———

radius (relative ma8s)

Iog(ﬁmg il'leog llt!pr:!I /ey y
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Massive-Star Structure: Issues

7« How Does Convective Zone

Transit into Stable Lt v
(radiative) Zone?

$E net nuclear energy loss (burning plus neutrino losses) inerg g'1 s
A g1

e_'—- total mass of the star (reduced by mass loss due to stellar winds)
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Synthesis of %Al in Stars and Supernovae

“c Massive Star Burning

. A
¥ Physics: f".% | | | vy .

- Stellar Evolution g‘_ L s £ :’”“”‘”“e“”“”‘“”) “3
Phases 5l i i ]t o o0t

- Mass Loss §:§£ S e s et by st e i) |

- Convection & Mixing g_’ ﬁ ‘/ﬁ ﬁ !

- Intermittent el U U ‘
Nuclear-Burning g . :
Phases ;

Supernova
Shoﬂ( Wave

<-- " - - 'The final-My-of a Star - -

% Supernova Explosive Nucleosynthesis
" RV “c Physics:

“"Explosion Trigger
Proto Neutron Star

Neutrino Heating & ShOCk STI"LIC'rLII"e

of Shock Region from Inside . e
and Mixing
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Shock Region
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26Al in our Galaxy: Ejecta from Massive Stars

20~
- E=1809.09 (+0.08)
- FWHM=0.53 (£0.34)

| 1=3.20 (0.18)
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Using the 2%Al Line to Characterize the Galaxy

Measured Gamma-Ray Flux

26Al Mass in Galaxy = 2.8 (+0.8) M,
Galaxy Geometry

Fuokee 4
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®OFe Emission is Seen from the Galaxy

- I ' y J ! T ' ) L T =
- E=0.07 (:0.30) INTEGRAL/ SPI :
0.20 - FWHM=2.76 (+0.00) (Wang et al. , A&A 2007)
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%OFe: Why is it Interesting?

3.8 10°% | ©°°Fe — °°Co* — *°Ni* 59, 1173, 1332 Co55 ] Co36 | Cos7 | Coss IO Co62 | Co063 |
17.53 h 77.27d 271.79d 70.82 d 1.50 m 274 s
T7/2- 712~ 2+ a 712- * 7/2- 2+ . (712)-
. EC EC EC EC 100 B p- §
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. 0+ 3/2- 04 ) 2 7 9. 24235/2- 0+
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2.5785 h 3.0s 4.6 51s 0.71s
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Massive Stars are ., e
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22Ne(a,n)?*Mg
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“ the Interstellar Medium r R

R
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»

www

““"Radioactive Dating of
Different
Astrophysical Events!
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%0Fe Production in (2°Al-producing) Stars

No Production during
ANY Central-Burning Phase

Need Convection plus n Source

22.0M,
T

Courtesy M. Limongi
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$0Fe Production in Stars: Issues for Nucleosynthesis Environment

What are the n Densities from
22Ne(c,n)>>Mg?

What are the Temperatures SRR
(and gradients) in the Shell? (z;) 2005
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T T T | T T
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Production of °Fe and 26Al in Massive-Stars
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Revised/Updated/New Massive-Star Nucleosynthesis

Woosley & Heger, PRL'07:
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Limongi & Chieffi 2006:
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Observations vs. Theory

3.8 10y
2:0,10% | S°Fe — %°Co* —» “Ni* 59, 1173, 1332
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re 4%

How Do Models Agree with Data

on 9Fe/26A| y-Ray Intensity Ratio?
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o

0
§
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Higher Predicted Ratios ~1.0

%~ Alternative Stellar Models
Agreed with Earliest Ratios

60

60Fe /26Al line flux ratio (%)

Issues: HEAO SMM COMPTEL OSSE GRIS RHESSI  SPI

“ Stellar Models
“*"Nuclear Physics
¥~ Gamma-Ray °OFe Signal (Intensity; Galaxy Regions)
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60Fe/26Al Line Ratio Diagnostics
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“©°Al Spectra along the Plane o1
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Astrophysics and Nuclear Physics

- Structure of Stars
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Neutron Stars
Birth at T~10 MeV, Rapid Cooling to < MeV -> "cold"” nucleons

Structural Layers:

=" Atmosphere
(ions, p<10% g cm-3)

i 3
® Quter Crust 10" g/cm
(Neutronized Nuclei, “ s
p<4.3 10! g cm™3) 210 gfm
“*"Inner Crust .
(Nuclei & n Fluid, - S5 .
25104 g cm il INEHEMEN =
@CO re e . ' i superfluid
(nucleonic fluid in
B equilibrium, 5%p)
Atmosphere
Envelope
Crust

Outer core
Inner core

Neutron vortex Proton superconductor

’ Neutron vortex —— /
Nuclei in a lattice Magnetic flux tube -
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OUTER CRUST
INNER CRUST ~
tkm
'Sy NeuTrONS
4km
NUCLEAR
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3% NeuTRONS

'So ProTtons
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Neutron Stars and Properties of Nuclear Matter

How Densely-Packed are Nucleons
inside Neutron Stars?

¥ Sizes of NS (M-R) 2.5

" Thermal Properties .o
(Cooling)

" Moments of Inertia
(Spin, Glitches, L
Braking, QPOs) 05}

0.0
6 8 10 12 14
Radius (km)

1.5

Mass (Mg)

1.0F
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Neutron Star Observables

* Magnetospheric Emission
Non-thermal; magnetosphere as particle accelerator

* Thermal Emission
Radiative Cooling, T~X-rays

Heating from Internal Energy \
Heating from Matter Accretion \

Heating from Nuclear Burning NS Interior / EoS
o -,

NS Spin //

Accretion Flow Irregularities /

Nuclear Ignition /
Structural Rearrangements

Relativistic Distortions
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\Xx\
Faces of Observable Neutron Stars °
o\
&

States, Jets,
B(e) Systems...

%+ Cooling NS
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Astrophysics and

Dynamics of Explosions

Astroparticle School, Bdrnfels (D), 06 Oct 2010

Nuclear Physics
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Latest Stage of Stellar Evolution: Supernovae

Nuclear Fuel Exhausted
Gravitation Leads to 'Extreme’ Stars
The "Remains" are Spread

Roland Diehl



Core Collapse-Supernovae:

v-heated Shock Region RWV Rv <
Explosive Nucleosynthesis Proto-Neutron Sta

Neutrino Heating
of Shock Region from Inside

The Model

Empirical /
Parametrized
Models for Explosion
(Explosion Energy,
Mass Cut)

Nuclear Physics:

- v Luminosities
- PNS EoS,

Pasta Phases

* Nucleosynthesis
- Shock Region
- Explosive

Explosion Mechanism = Competition Between Infall and Neutrino Heating
3D-Effects Important for Energy Budget AND Nucleosynthesis
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Nucleosynthesis in CC-Supernova Models

Supernova
Shock Wave

log Mass Fraction

Interior Mass

ST

Proto-Neutron Sta
Neutrino Heating
of Shock Region from Inside

3D-Effects Important for Energy Budget AND Nucleosynthesis
Location of Ejecta/Remnant Separation
44Ti Produced at r < 103 km from a-rich Freeze-Out, => Unique Probe (+Ni Isotopes)
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Core-Collapse SN Nuclear Reactions -> “4Ti

. Why are **Ti Gamma-Rays Interesting?
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44Ti Decay in a Young SNR

c 44Ti Decay: e Capture -> Ionization!?!

Eioan:6.6 keV,
Eion =1.6 keV

7 SN Composition Profile: Fe & Ti Similar

< Fe/Ti Clump Ionization by Reverse Shock s , , , , , , ,
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¢ Cas A *4Ti Mass ~ as Predicted by
Theory?
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*“Ti y-rays from Cas A
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Velocity Distributions of Inner cc-SN Ejecta

Inner Explosions’ Convection Seeds Rayleigh-Taylor Instabilities at
Interfaces to O and He Shells
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“Ti Ejecta Velocities

Source flux (10 °ph/em”/s/keV)
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Fig. 4. Cassiopeia A spectrum at 1157.0 keV combining SE and ME2;
red solid curve is the fit of a Gaussian shape.
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Fig. 5. y?-curve for the total line width (including intrinsic and instru-
mental broadening), assuming a line flux of 2.5 x10™> phem™2s™" and

no position shift.
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High-Energy Line Not Seen with SPT
&

Estimate Doppler Broadening:
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44Ti Ejecta from Turbulent Zones Well

Qutside Mass Cut
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NuStar Mission 2011+: X-ray Imaging
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The Sky in 4Ti Gamma-Rays
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“Normal” Core Collapse Supernovae (?)

%+ Consistency Check: Cas A vs.
what we know about 44Ti...

44Ti from SAD/Models/SN1987A/y-Rays, vs. 2°Ni

Only Non-Spherical Models *‘:'

Reproduce Observed Ratios
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Non-spherical explosions?? (->GRB)

Need Event Statistics, 44Ti Spectra
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Astrophysics

Nucleosynthesis

Elemental Abundances in
Stars and ISM (SNR), IGM

Radioactive Isotopes
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and Nuclear Physics
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Cosmic Cycles of Matter

Dense Molecular
CIouds
P

evolution

infall

(e.g. HVC's, streams
Compact
S Remnants qg (@8NS

AW (in bmarj/ single
‘\ pUIsar )
SNIa ®e

nova Blnaryx ray Binary
Interactions
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Y (kpc)

Current Galactic Nucleosynthesis

- Is asteady-state view appropriate?
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Evolving Abundances of Massive-Star Groups: Cygnus

AKARI/Far-Infrared Surveyor

Population Synthesis: -
Application to Cygnus Region P — / :
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The Complex Interstellar Medium
“ The ISM is a Highly-Dynamic Non-Equilibriumé
Medium
F2(3)-Phase Equilibrium Model is Obsolete (even NET)
%"Need Multi-Band & Messenger Observations
(not only simulations!)

7« How do Massive Stars and SNe feed the ISM3
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Astronomy with 26Al: The Inner Galaxy

K. Kretschmer. et al.,

200 in prep. :Z _
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1000

Issues

&~ Gas Motion versus
Stellar Population?

% Hot and Cold Gas
Motions

" Gas Flow (inward/
outward)
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How Wide is the Celestial 2°Al Line?

SPT Response * Celestial Line -> Actually-Observed Line Feature
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INTEGRAL/SPI & Annihilation of Positrons in the Galaxy

... 10% e'+te 5> Ps —yy.. 511, <511
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The High-Energy Sky

25-50 keV

50-100 keV

100-200 keV

Annihilation
Emission is
Different!

200-300 keV

300-500 keV
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Positron Production Processes

v’ Cosmic-Ray Nuclear Reactions
e.g. 12C(p,pn) , or 1°O(p,a)

Pion Production in HE Collisions p . @
‘ (T=26-10" \)

\ +Vy IT—;:lﬂ 3)
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Table of
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Ti("), 26AI(B"), 22Na(B), |l
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What are the Positron Sources??
Identify Each of the KNOWN Types of Sources

&

&

| o |
NS g ,

Could e+ be transported from disk to central region of Galaxy?
*Escape from Source Regions in Champagne Flows / Fountains
*rLarge-scale transport in halo magnetic field

& Include Pr'opagafion <" Large-Scale Study of Cosmic-Ray Transport c-mev.. cev
Physics FrEEEEE XN
in Models '"

8
PR
ph .8

and in Analysis

FHRTN N
e N s

See if Significant Residual (bulge) Emission Remains
An Unexpected / New Type of Sources? (e.g. DM?)
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e L Losmic Rays: From Sources to Observation
re b
y
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Summary: Gamma-Rays from Cosmic Radio-Isotopes

“« Key Radio-Isotope Data from
Novae & SNIa Need Luck
“"Novae <kpc, SNIa <5 Mpc

“« Inner Ejecta from a CC-SN
(Cas A) -> Velocity Constraint
% Cas A a Rare CC-SN?

“c The Present-Day Massive-Star
Population of the Galaxy
is Studied through 26Al and %°Fe

F Isotopic Ratio as a Stellar-Structure
Diagnostic

¥~ Gamma-Ray Spectroscopy -> Hot ISM
around Massive-Star Groups

¥ Galactic Structure & Nucleosynthesis
Regions
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Shock Region Rkn n é\

Explosive i
Nucleosynthesis Proto-Neutron Star
Neutrino Heating
of Shock Region from
Inside
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Astronomy, Astrophysics and Nuclear Physics
* Nuclear Physics Applications in Cosmic Environments:

Nuclear Energy Release
- Structure of Stars
- Dynamics of Explosions

Nucleosynthesis LE '_
- Elemental Abundances in S
Stars and ISM (SNR) G\ N -
- Radioactive Isotopé A - ’
Characteristic .« siation / \
- Nuclear Ex& CMission/Absorption Lines) o—— — = “EWam e . |
- Radioactive D&y T
10-5 | | ] ey i
= ) ) ;; I JM W'w"'Jl T
““"Nature of Cosmic Sources, Cosmic Processes 7 || A /W N, |7
““"Search for New Phenomena ; [V WWW ]
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