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Outline

“c Themes of my lectures, the context, the role of abundances
“ How cosmic gamma-rays set "abundance constraints"

“« What we learned from gamma-ray constraints

* How else do we obtain "abundance constraints"

% What we learned from "abundance constraints"
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The General Context:
How Do Nucleosynthetis Sources Enrich the Universe with Heavy Elements?
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Nuclear Reactions in Stars and Supernovae Rearrange Baryons -> New Atoms

New Atoms are Mixed into ISM which Forms New Stars & Planets
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Abundances: An Astronomical Measurement
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Nuclear Reactions in Cosmic Environments

lear-Burning Sites
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Enrichment of Cosmic Gas Supplies with Nucleosynthesis Products
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One of the Key Tools of Astrophysics:
Where do specific atomic nuclei and their abundance originate?
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Diversity of Complementing Observing Methods
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Nucleosynthesis Products: Where We See It

We Would Like to Know

Compositions in... (for the study of...)
= cosmic evolution
= galaxy evolution, mixing
= specific sources
= specific sources

We Can Measure Compositions in

““"Material Samples
» Meteorites, Planets, Comets...
» Cosmic Rays ('CRs'), Solar Energetic Particles ('SEPs’)
» Meteoretic Inclusions: Presolar Grains

“"Stellar Photospheres
» Stars with Original/Natal Composition in Photosphere
» Stars with Internal Mixing

“¥"Gas Clouds

» Absorbing ISM in front of Stars

» Absorbing IGM in front of Quasars & Galaxies
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Abundance Observation Sites « of 4

* Earth Crust
Planet Formation from Condensed Matter

&

»
»
»
»

* Meteorites
Rocks

&

»
»
»

»
»
»
»
»
»

Planet Formation Physics
Gravitational Differentiation
Chemical Differentiation
Radioactive Decays

Meteorites with/without Glass-Like Inclusions (Chondrites/Achondrites)
Stony Iron Meteorites g
Iron-Like Meteorites

Rock Formation
Radioactive Decays
Cosmic-Ray Bombardement
Outgassing

Chemical Differentiation
Presolar Inclusions
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Abundance Observation Sites ¢ of 4

* Solar Energetic Particles

Particles Accelerated from Solar Activity
&

» Acceleration Process
(First-Ionization Potential Selection)

» Acceleration Region Sampling Bias
* Cosmic Rays
Particles Accelerated from ??? (ISM Shock Regions?)

&

» Acceleration Process (First-Ionization Potential Selection)
» Acceleration Region Sampling Bias
» Propagation Effects (Spallation Secondaries & Losses)

* Interstellar Medium

Particles Mixed from Turbulence,

with Source Injections
&

» Propagation Effects (Gravitational Selections,
Magnetic-Field Selections)

» Condensations on Dust Grains
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Abundance Observation Sites G of 4

* Stellar Photospheres (general)
Gas Globe, Stabilized from Gravity & Nuclear Burning in Interior

&
» Evolved Stars (Giant Phases, i.e. after "Dredge-Ups"; C-Stars; WR Stars)
» Variability (AGB Stars, RCrB Stars)
» Binaries (BaIl Stars, Be Stars)

&

» Atmospheric Structure Details
» Radioactive Decays

» Chemical History of Birth Place in Galaxy

» Extrastellar Contributions (anomalous Cosmic Rays, Dust)

* Solar Photosphere
Solar System Formation 4.6 Gy ago

&

» Solar-System Birth Place in Galaxy

» Extrasolar Contributions
(anomalous Cosmic Rays, Dust)
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Abundance Observation Sites « of 4

* (Gas as Radiation Absorber
Gas Assembly, Illuminated from Back Side

&
» Interstellar Gas Against Background Stars
» Interstellar and Intergalactic Gas Across Range of Redshifts
» Circumstellar Gas Around a Source

&

» Background-Source Spectral Energy Distribution
» Foreground or Background Absorbers
» Selection Effects due to Background Source Type

* Hot, Recombining Gas
Hot States of Interstellar/Intergalactic Gas

v

&
» Interstellar Gas around an Energetic Source -
(HII Regions, PWNC, SNR) NGC 3628
» Interstellar and Intergalactic Gas Heated by
Diversity of Sources (SB's, Starburst Gal., ICM)
&

» Central-Energy Source Properties -

(time variations, energy flow variations)

» Non-Equilibrium States of Recombining Gas
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Astronomical Observations throughout the e.m. Spectrum

Optical Light
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Spectroscopic Studies of Cosmic Elements
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From Atomic to Nuclear Physics
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Cosmic Nucleosynthesis Produces New IsoTopes

““"Diagnostics of Nuclear Fusion Reactions
— Thermodynamic Variables in Hot (GK) Sites
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The Isotopic Landscape
and B Mass known

Cosmic Sources Pb (82 ™% [ Half-life known

[[1nothing known

p process

r process\

- ~300 Stable and
~2400 Radioactive Isotopes
- Cosmic Nucleosynthesis
Covers Much of this Range
- Knowledge of Nuclear Physics

- is Incomplete
heutrons



Nucleosynthesis Study with Gamma-Rays
-> Physics / Processes

at/

Isotope Mean Decay Chain v -Ray Energy (keV)
Lifetime
"Be 77d "Be —> "Li* 478
S6Ni 111d 56Ni — ¢Co* —»%°Fe*+e’ | 158, 812; 847, 1238
57Ni 390d 5"Co—> 5'Fe* 122
*Na 3.8y 22Na — #?Ne* + e* 1275
“ri 89y “Ti*Scr*»*Car+e’ 78, 68; 1157
26A1 1.04 10° 2°Al — °Mg* + e* 1809
sope 2.0 10°% | S°Fe — ®Co* —» Ni* 59, 1173, p/z o
e’ .... 10°%y e'+e > Ps — yy.. 511, 11

e

inside the Nucleosynthesis Site

)
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511 keV, 7Be -> Novae
-> p-Captures, B* Decays

26 A| -> Reaction Path Details in
Stars/SNe, v-Process

44Ti, %6Ni -> Most Stable Isotopes
56Ni/4He, Freeze-Out of NSE
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Special Characteristics:

* Emission due to Radioactivity
' % No "Activation” (thermal, ionization)

* Isotopic Information
| ““"Related to Specific Nuclear Reactions
- ¥¢.Penetrating Radiation
% @DNOI__’Occfuluta‘rion Corrections

S

= el

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

““"Galactic Sources, SN Ia < 10Mpc
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Interaction of HE photons with matter
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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

3
%

® Compton Telescopes
(Coincidence-Setup of

Position-Sensitive Detectors)

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

Achievable Sensitivity: ~10-° ph cm™ s-1, Angular Resolution > deg
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"Supermirrors": Extending X-Ray Optics to y-Rays

7 "NUSTAR"
Mission Concept
" Two-Spacecraft Formation
““"Optics with
- 130 Nested Shells
of Grazing-Incidence

Mirrors:
W/SiC and Pt/SiC

- Surface Reflectivity up to
W K-Edge @69 keV
+ Grazing Incidence
-> Use Up To 80 KeV

710 m Focal Length
740 arcsec Spatial Resol.
“”PI: F. Harrison / CalTech

Y¢ Status:

““"Phase A Study 2003-05,
Selection 2005 for Launch in
2009

%~ 0On Hold Since 2006

Optics bench
Energy range 680 keV
Angular resolution (HPD) 40"
FOV 8.4 x 8.4
Source positions 57

Spectral resolution

Timing resolution

Line sensitivity (106 s, 68 keV)
Continuum sensitivity

(10%s, 30, AEJE)=0.5
Background in HPD/module (40 keV)
Effective area (20 keV)

ToO response

900 eV 68 keV

0.1 ms

1077 ph/cm?/s

0.7 Crab (20 keV)
6 1Crab (60 keV) .
1.1 x 1077 cts/s/keV
500 cm?
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X-Ray Telescopes: Concentrating Radiation

Paraboloid

suithcas Hypel;boloid
P
B e e
N IO et
e e — -
Concentration of Cosmic Radiation
- Signal ~ Telescope Area
- Background ~ Detector Volume
&
Bragg geometry
— 0
< > A
L
Gamma - Ray Analog . Laue geometry

/ 8
/ — A
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Balloon Experiment with Laue Lens:
“Claire" (6ap->Bordeaux, June 2001)

courtesy P.von Ballmoos
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Example: SNIa with COMPTEL vs. GRI

A Narrow-Field Gamma-Ray Lens Could Substantially Advance Sensitivity!
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i»,“ 6 Del. Det. (Isern) o—o | |
= o . Det. (Isern) &—=a |
1 L SubCH. (Isern) G—€ | -
% il i
;_ 44 COMPTEL upper limit
(e
2!
o GRI sensitivity ~ ~ 8=
10950 11000 11050 mmm 11150 11200
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Collimated Gamma-Rays: OSSE on CGRO

Oriented Scintillation Spectrometer
Experiment (OSSE)
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The Japanese 'NEXT' Mission
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"Imaging” using Earth Occultation

* Data Selection

"Source" =
Region of Interest Exposed

“Background” =
Region of Interest
Behind Earth

* Applications
BATSE on CGRO

&

RHESST

&
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EARTH
OCCULATION
METHOD

INNER GALAXY

+30°

All visible: source data

All blocked: background data

RHESSI SPECTRA: 9 MONTHS OF DATA (3/02-11/02)

i ¢ The 1014 keV background line,
(Smlth 03) like the background line at 1809 keV,

” is a prompt line from cosmic-ray
3% of the background tvation of i in the s

BATSE NGC 4151

(Parsons et al. ‘98) T
. . | 11 ;:_ o CC!:;- i
R i
3 i 1
# i

N . o :809 :;e‘: Ii"le Background-subtracted spectra The 1014 keV
vy od iy 1BIBG ' rom Galactic for the inner Galaxy z
26Al line subltracts

out well
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The Imaging Compton Telescope

Compton Scattering: A Coincidence Technique

COMPTEL
*---"‘ Gamma-ray Mﬂ"'n. h-""'“m

_________ .,_h
............ o
Gamma-ray scattered;
light emitted.
Lighl recorded. AE ) e 0F{igh1l0.C\sc:;)lsinna[odeg]40
FE B
pu— E I:
T+ =51 — cos 8)
a8 N

Gamma-ray absorbed,
light pulse emitted,
andrecorded

£

D osomars = AMCCOSI 14 M, 7| = — T
E}/ E}, - AE
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Pioneering Space Compton Telescope: =T =

COMPTEL on CGRO (1991 -2000)

GRO Instruments

COMPTEL

Interaction sequence obtained
by time-of-flight (TOF)

measurement.

Count Rate [1/s]

003 |
002 f
001 |

D -

0.04 |

) Ba%kMard"

S

0.05 —

-F‘J_

ﬁ;

r TOF Spectrum
at 1.8MeV |

aﬁter
bad
|{ g\) Fonward

/ scatter

\L""\_L_ -""‘_-"I-.L‘
| ) et

| i -

B0

el ] .
80 100 120 140

EGRET

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

Advantage: clear separation of forward
and backward events.
Disadvantage: low efficiency due to solid

angle effect.
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Compton Telescopes

.I-I:,nu Field of Vipy,

- ~
L« reduced e g— e ~
»7 event circle < RRET -

. F—photon

“—photon N
s -> Comptonscatter

-= Paircreation

instrument overall height 1.3 m

}L"l Calorimeter
-

Anticoincidenceshield

GRIPS

instrument overall width 1.2 m

Nuclear Compton Telescope (NCT)

Nuclear Astrophysics School "NIC", Argonne Natnl Labs, 23-26 Jul 2008

Plastic Scintillator
Charged Particle Shield

Compton Converter
Silicon Stnp Detectors

\ 1600 ¢cm? x 32 Iu,\'cr:i/v——

PMT

Tag

PMT

PHT

Csl Calorimeter/ Shield /

Csl(T1)-PD Detectors
3.5 cm thick, 5 Sides

Ve Eps
Scattered y-Ray Calonmeter
Ge Pixel and'or CdZnTe Strip
Detectors 1600 ¢m? % 2 em thick

FIGURE 1. Schematic of the liquid xenon time projection chamber

TIGRE

LXeGRIT
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Coded Mask Imaging

A generic
coded mask
telescope

Mask with
open/opaque
' pixels *

e Mask
Each detector pixel
records the sum of the
signals from a different
combination of incident (
directions or ' sky ) Shielding
pixels ' (plus g L
B 2

background) P‘S}_fgr{:;/i |

\w ST

~ _.-.. ./*-._‘;}“-»/
Spatially resolving detector, xfr /x)}‘*’c‘r./’ S8

physically or logically Flﬁf

divided into ' pixels

| Detector
\,l,./

Nuclear Astrophysics School "NIC", Argonne Natnl Labs, 23-26 Jul 2008 Roland Diehl



Q INTEGRAL: Ge y-Spectrometry

17 October 2002:

Summer 2008:
Healthy Spacecraft & Instru
Mission Operations till 2012+

Spatial Precision 2.6° / ~2 arcmin
Field-of-View 16x16°

Excentric Orbit ==
9000-150000 km

/
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06:41 Launch from Baikonur / Kasachstan

SPI: Coded-Mask Telescope 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV

in Space!

ments

i’ TR £ i

i B A D o g, 11 L T

S R By = = e y
i R
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Future Mission Options: 0.1..100 MeV

130 Field of Vigy,

rcle ,C_ N
[aan N
y—photon ?2 e’ ¥-photon
r g -> Paircreation

instrument overall width 1.2 m

Advanced Compton Telescopes (Meca, AcT)

Large Area Coded Aperture--ExisT...)

diffracted

beam (@)
NIONEN N DO mERIRNN

transmitted

beam (b)
ﬁlc\)Rk\N\J\\_ il A AAAdAA
Laue Gamma-Ray Collector (vax) Gamma Ray Fresnel Lens (muttiple spacecraft)
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Astronomy in the Range of Nuclear Lines

* Sources of Cosmic Gamma Ray Line Radiation:
Typical Intensities ~10-3.. 10-¢ ph cm2 s-!
Embedded / Occulted Sources

Examples:
&

&

* Instrumental Constraints:
Low Interaction Cross Sections
No/Problematic Reflecting Surfaces
Instrumental Background from Cosmic-Ray Activation
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Future Goals for y-Ray Line Astronomy
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Capabilities for Nuclear Astronomy

X/y — Instrument Sensitivities
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What Did We Achieve?

Comments on Science Results, and How They Have Been Obtained
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A Supernova
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How Does a SNIa Explode?

/7

- C Ignition at Mg, Limit (possibly many
ignition points)

- Turbulent Flame Propagation

- - WD Expansion -> Flame Extinction

Model ZD-B10, total energy
e S e S B

e_tot [10:30 arg]

. - TIssues: Rapid Time Scales!

g » Nuclear Burning C+O->%¢Ni...
] » Expansion

» Mixing

&
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Gamma-Rays from Supernovae Ia

o R Y B * Rarely SNIa >*Ni Decay Gamma-Rays are
200 );; F\\ j !r' +\\ } . Above InSTI“LImenTCll leITS
el HFH 4 - (~10-5 ph cm=2 s)
- | | H - ~2 Events / 9 Years CGRO
Y S e - ~2 Events / 2 Years INTEGRAL
800 1000 E1 Z[::Y (k V) 1400 1600 1800 Mission
SNia/COMPTEL &
SNla Standard "W7" —— —%
He Cap Detonation ------ |3 i

: Delayed Detonation —-—-
) 20 upper limit SN1998bu
"-1 30 SN1991T - —

1238 keV Flux [10°° phcm™ 57

50 100 150 200 250 300
Days after Explosion
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The %°Ni Power Source:

0.5 M, of °6Ni??

Which Model Flavor?
ETW7/HeD/DDT/DD/..
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Still No Luck with SNIa Events

SNela (1990-2005) Galactic coordinates

expected !ine width for‘ Ni r‘adiolacﬁvify gamma-ray ques in SPT
60
=
2
5
s
40
Y« Spectroscopy Can
Discriminate Between
Models only for Nearby
(hence rare) SNe (<5 Mpc)
20

distance [Mpc]

figure courtesy Isern
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Supernova Remnants: Evolutionary States

Gamma-Rays Can Extend Presently-Favourable X/R/O Regime:
Search for New SNR
Diagnostics from Line Shape & Light Curve

< < S
N @ g8 C
2 O Om —
Log L
-~ X-ray
Optical;
~X,
~y(*'Co) Radi
) py— N adlo,
Rays *“*Ti (t~90y, snonthermal X, y-rays
optical
l"lhln .i. I’ | ( 1063’) h‘ “
TRy Wv-v .
10 100 1000 10000 10> SNR Age

(years)
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Core Collapse-Supernovae: Model

Supernova
Shock Wave

""""""""""""

Shock Region .Y\V\y‘\v
Explosive Nucleosynthes‘ﬁ\}\y A
Proto-Neutron Sta

Neutrino Heating
of Shock Region from Inside

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

BSe(py)*eTi |

Z {proton musBser)

3D-Effects Important for Energy Budget AND Nucleosynthesis
Location of Ejecta/Remnant Separation?

O O

O “4Ti Produced at r < 103 km from QSE/Si-Burning & a-rich Freeze-Out,
=> 44Ti Gamma-Rays are Unique Probe (+Ni Isotopes)
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SN1987A
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of the strongest Fe 11 lines. The al s seen {0 set in a2 ~ 600 days

- <1.110% Mg of *Ti
&
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1=85y (Ahmad et al. 2006)

89y ‘ “TiyMsc* " Carte’ ‘

“4Ti y-rays from Cas A

78, 68; 1157

0 ACOMPTEL Pl |4

Counts / bin

_t=54h B

44Ca

SPT

Martin et al. ‘06

Fav]

IBIS
Renaud et al. ‘06

I

1u
T

“10 20 50 100 200

Energy (keV)

RD 10/06

N
[

N
I

L

44T line flux (1075ph cm~2s71)

1

COMPTEL

G 44Ti Ejected Mass
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OSSE

RXTE

L !

BeppoSAX IBIS SPI

~0.8-2.5 104 M,
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Cas A: A Well-Studied Young Nearby SNR

el |+ ~330year-old SNR at ~3.4 kpc
Yl 1] ¢ Massive Progenitor (10-25 M,)
N, | * Filaments, Fast Ejecta (knots), Fe-rich
Y Clumps, No Onion-Shell-Like Elemental
— Morphology, Jet:
P — Asymmetric Explosion
XMM NewTon .

44Ti (and °6Ni) Ejection

E - - Unseen SN -> CSM Dust
@ E . * Central ObjCCT (NS/BHD)
et [
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SPI and 44Ti from Cas A

LS e T T ';%EH IRk
SN e e —— #Wﬁiﬂﬁ
R N HN% sl Hﬂ- % = Hm ﬁ

| | | | | 410° , | | |
a0 a5 4] ] a0 &5 a0 1140 1148 1180 L1488 1160
Enerdy (keV) Enerdy (keV)

«Joint analysis of all lines with SPI (INTEGRAL’s spectrometer)
«Total significance ~3 sigma

Flux consistent with IBIS (2.1+0.7)x10-> ph cm-2s-1

sAdditional line broadening: 430+240 km/s

*Bulk velocity: 500+200 km/s (redshifted, like Fe-K?)

o|.e. 44Ti is within reverse shock (i.e. cold/freely expanding)

&V Jacco Vink Integral observations of Cas A: 44Ti properties & hard X-ray continuum {4
7w SchioB Ringberg, January 8, 2008

* SNR Kmemahcs ’rh v-Ray Lines

&
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The Sky in 44Ti Gamma-Rays

Latitude

* We do NOT see the Number of
Expected Young SNRs
150 100 50 0 310 260 210

ASSUI’I’\PﬂOHS Galactic Longitude (degrees)

Expectations

- > jof 3

latitude (degrees)

(= DE° . TR 1 oo o ..

* %Tiis NOT from Common
Cc_SNe :é co. @) @ooos 3."0 @ o0 & . o o é
= (

)

~100 0 100 —100 0 100
5 longitude (degrees) longitude (degrees)
@ 7, > 107" cm™? 571 o 1078 cm~2 57" < f, < 1073 ¢cm~2 5!
o: 1072 cm™2 s < f, < 107% cm~2 g7! 221077 em™2 57 < f, < 1078 gmT2 57!

Nuclear Astrophysics School "NIC", Argonne Natnl Labs, 23-26 Jul 2008 Roland Diehl



“"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

w
*

T T 7kl
SN1987A 4
R
i Cas A p et
[=] [ ] .. . 3
i X
§ 0(36\0 . ")‘
%0-6 . ub‘\q % i
@0‘ . v 3
. . . Limongi and Chieffi 2003 ]
*e Rauscher et al. 2002 X
10-8 - Maeda and Nomoto 2003 # |
0.01 0.1 1
M(Ni58)/M,

Nuclear Astrophysics School
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=)
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o

Non-spherical explosions?? (->GRB)
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Novae

* Classical Novae:
Accreting WD in Binary Syste

Runaway H Burning with Nucleags
Processing of Upper WD Layer
(p process)

Ejection of ~10* M,
* Issues:

&

Mormal Star

&
&
&
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Nova Diagnostics with Nuclear Lines

00015 LI B B R | T LI B E 0001: T T T T T T T 3
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Nova Gamma-Ray Light Curves
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Still No Nova Lines Detected

* Expectations for I,,., ~ Factor 10 Below Instrumental Sensitivities
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Partial Summary:
Methods of Cosmic Gamma-Ray Measurements

* Gamma-Ray Telescopes are Complex Instruments
* Focusing Optics is Hardly Obtainable
“ Casting a Shadow is a Working Compromise
“ Multi-Detector Coincidence Instruments are Most Promising
# Backgrounds from Internal Radioactivity are High
“c Analysis Techniques are Based on Constrained Deconvolutions

* Future Experiments/Mission Opportunities are Rare
“ ESA's Cosmic Vision Program for a ‘Gamma-Ray Imager'?
* National Programmes for Small Missions (Max, Simbol-X,...)?
“ A Future US Perspective for ACT?

* The Brightest Sources Have Been Seen
“c 26A| Line Science is an "Astronomy"
# 60Fe and e+ Annihilation Adds Specific Aspects
# #Ti is a Key Diagnostic for SN Interiors
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Gamma-Ray Lines Constraints on Cosmic Nuclei:
Summary (I)

* Live Cosmic Nucleosynthesis Detected. More?
- ISM: e* 26A] OFe; SNae: °Ni, 97N, 44Ti  22Na?
* Cosmic Nucleosynthesis Environments Being Studied

Yo 44T
o
%
S
7 56N X\
o 26A] and e* Annihilation

LA MV 0
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