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One of the Key Tools of Astrophysics:
Where do specific atomic nuclei and their abundance originate?

11 N B R R
10 T HHe
—|[(big bang)
104 > Solar system abundances| +
S 10°- Cabe”/(AGB stars)]  |(at the time of solar system formation) B
é’ 8 a-elements
D 107 (mostly Type Il SN) —
© 7 A
i F k |
1c_> 10 / (mostlf 193?[?9 I SN)
g 10° w ’ -
O 10°- N=82 u
._E 10 s-process peak
g 10t | salnle i
) 3 s-process peak
= 107 N=82 Fb.Bi B
8 5 r-process peak (AGB stars}
c 1074 Te, Xe N-126 —
< (Type Il SN) r-process peak
1 Os,Ir,Pt
T 10 - / \ (Type Il SN) -
5 0 / \ U.Th
o 1077 (Type Il SN)|
< ]
107 - \\ =
107 e
10-3 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 50 100 150 200
.. the current 'lithurgy Mass number
-> how much do we understand? Courtesy: Andy Davis

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



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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...Yoday's lecture:

'« Complete the 'abundance-measurement tool’ menu
“diffuse / larger-scale gamma-ray constraints
““meteoritic abundance constraints
F"more absorption and emission line methods

'« Discuss the abundance-constrained view of universal chemical
evolution
F stellar-structure & nuclear-burning lessons
¥ nuclear-physics lessons
F stellar evolution & yields over the history
¥ galaxy evolution over the history
¥ |large-scale universal chemical evolution

» a very broad scope, covering many disiplines of astrophysics...

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



Diversity of Complementing Observing Methods

&

Meteoritic
Studies

Molecular
Absorption-lines
(Radio,IR)

Atomic
Absorption-lines
(opt,UV)

Atomic
Emissionlines
(opt,UV.X)

'W

Lines from
Radioactive
Isotopes

Nucleosynthethis
Event

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl




Massive-Star Interiors:
Complex Astrophysics Issues

“c Massive Stars
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Massive-Star Interiors:
Complex Astrophysics Issues

“c Massive Stars
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Massive-Stars.. and more

1.04 10°y 2641 5 25Mg* + e 1809
N ]
WR starst & SNe WING+SN
~4-10 Myrs
B :_;.o; —— <
i LY
\
9
L
_ e » |
! |
/
| Orion
| . / /" Eridanfu

\
Agmga/a Per? .
10° 3 mn::}?;'[ln o
8 3 _Type e
1E+04 10_1_' @E',—' m"én%'g e
E o
E ¢ (m] ElCF‘I—J C‘D
— = 1025
< .'5‘ 0.25 t . ,. AGB stars
g = 1N, AL
E1E 1 < E 0". ’.+ T
a —
] & ‘l[)‘:’§ 0\“. .
3 pge
] A 4
107 o Presolar SiC
E ® Mainstream
1E-24 ] O Type X
L 4
N S N 3. Y L
40 1E4+1 1E+2 100 10 102 108 104
1201130 12C/13C

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008

(Plischke et al. 2001)

o &
£
) s

Roland Diehl




Ge Spectroscopy of 26Al Line with SPI/INTEGRAL@@7
02V
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Using the %Al Line to Characterize the Galaxy

“c Measured Gamma-Ray Flux

A GC(IC(XY Geome’rr'y > 20A| Mass in GGIGXY = 28 (i08) M@

Al My i vhe Galaxy

I .I ||l* 0 S D——
i | . £ i
3 s i
i o o —
L — -

t SR : - o -

7c 26A| Yields per Star v cc-SN Rate = 1.9 (+ 1.1) per Century
’c Stellar Mass Distribution v Star Gt S

................ ;- Formation
e | %% Rate

Sp
-
"
SNRate [(100y)"]
o m & o o B
2
g
2
g

im- 2 A =3.8 Mg/ A ,
ar o { RN AIC C G S KCANC AN
of 7 I’im 1 - . @ yr 6‘.& &f s ,\f ‘,&é @s‘}f ‘@f é&fy@@‘ofﬂQf+§‘ y’n J{Q’@‘sf‘j” ’lf be(éi‘e#
tif .7 & U fis . f; g (fff@ Ve &
e I Pl g

v Al
Isotopic
Ratio
= 8.4 10°

“c Gas Mass in Galaxy

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



High-Resolution Gamma-Ray Spectroscopy
Maintained in Space: SPI on INTEGRAL

Cosmic-Ray Irradiation
-> Degradation of Charge Collection
~2% per Orbit, ~20% in 6 Months (@1 MeV)

Annealing
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How Wide is the Celestial 26Al Line?

SPI Response * Celestial Line -> Actually-Observed Line Feature
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Massive Stars and the Interstellar Medium

0,00 hdyr

X {pc)

The ISM is a Dynamic, Evolving Medium (= Multi-Phase Pressure Equilibrium)
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26 Al Sources as a Probe of Galactic Structure?
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Next Step: Spatial Resolution along Plane
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Does the Line Vary for Different Star-Forming Regions?
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Recent Activity in the Upper Sco Region

Preibisch et al. 1999
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“c Triggered Star Formation!!?!

T UCL Massive-Star Action Triggers SF in USco ~5 Myrs ago

%" p Oph Molecular Cloud Hit by USco Massive-Star Action ~1 Myrs ago
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Science Questions around 2°Al y-rays

——— —
1

7« How Much 26Al is Produced?

“"In Steady State (Galaxy, other Galaxies)
& By Specific Objects (SN, WR stars, AGB stars, Novae)

“c Where is 26Al Produced? T e
%~ Star-forming Regions: Active, Young/Older ’

7« Where does 2°Al Decay?
& In hot/warm/cold ISM Phase, on Grains?

“« Where can 2°Al Help to Understand Other Astrophysical Issues
F Are our Models of Massive-Star Evolution Consistent with 2°Al Data?
" What is the Number of Massive Stars in the Galaxy?
¥ What is the Age of Star-Forming Groups?
¥ Where are Otherwise-unseen (embedded) Star Formation Regions?
“"How Fast are Molecular Clouds Destroyed?
¥ What is the ISM State around Massive-Star Groups?
“"How Effective are Groups of Massive Stars (Ionization, Heat, Shells)?
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%0Fe Emission is Seen from the Galaxy
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OFe: Why is it Interesting?
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Massive Stars are
Likely Sources of ¢OFe

&

““"Compare Two Isotopes
from Same Sources!
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60Fe Production in Stars
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“OFe from Massive Stars: Observations vs. Theory

2.0 10%

OFe — OCo* — °°Ni*

59, 1173, 1332

“c Current Model Agrees (again) with Data on 0Fe/26Al y-Ray Intensity Ratio
¥~ But: Uncertainties are Large:
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Annihilation of Positrons in the Galaxy

= ¢+ annihilation ling: 508-514 K&V; MaxEr
w =

Imaging (511 kev Llne, COHT) WiTh SPI: - " ."'. *Strong et al. 2004 -

INTEGRAL / SPT 511 keV Skymap

Richardson-Lucy, Smoothed
Knodlseder et al. 2004

INTEGRAL / SPI Ps Cont. Skymap
Richardson-Lucy, Smoothed
Weidenspointner et al. 2006
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What are the Positron Sources??

Identify Each of the KNOWN Types of Sources

Positron Annihilation

26 Al Radioactivity

Binary Systems
(LMXBs)

See if Significant Residual (bulge) Emission Remains
An Unexpected / New Type of Sources? (e.g. DM?)

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



““next steps:

advances by
factor ~3...10

“®"Continue with
INTEGRAL
until
Next Mission
is in Place

30 Continuum SensitivityE” [ y MeV cm®s™], T, .=10° s, E=AE

Instrumental Sensitivities
around Nuclear Energies
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The GRIPS Perspective ois.»: From All-Sky to Specific-Source Studies

Current Gamma- Ray Line Surveys Can Only See Brightest Emission:

¥ ﬂ +/ '\~H

mwvr,mnmn -|MD~M

GRIPS Will Provide Localuzed Results:

All-sky image in the **Al line after five years All-sky image in the *Fe lines after five years All-sky image in the 511 keV annihilation line after five years
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““"We Know ~ 500 Star-Forming Complexes; ——— |
Gamma-Rays will also see Embedded SFR's B

From All-Sky to Many Specific Sources
— Study the Conditions for Pop I Star Evolution
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Inferrence of Isotopic Abundances

Meteoritic MM
Studies &

Material Sample
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Abundances from Meteorites & Grains

* Trajectories of Asteroid-Belt
Bodies Hit Earth...

.

FiG, 1. Meteorite Baszkowka, side view. Size =~30 x 18 cm. Photograph

by M. Stepniewski. .
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Meteorites

“ "Falls™:
¥ Meteorite is Observed While Falling

' Debris Scattered Over Trajectory

|
trajectory of the CO3 fall

ke with areas of great concentration
| 10 km |
I 6 miles 1
15 kg e
309° N
W
438 m
L]
< 200 gr
e 0.2to1kg
e 1to5kg

@ more than 5 kg

in red the new finds: expedition 1999
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Condensation of Presolar Nebula

Step Number Reaction

Equilibrium Condensation

100 ! - 12~-..,._____fi 6 1 Condensation of Ca, Al, and Ti oxides
I 13 2 Condensation of Fe-Ni alloy
: 3 Condensation of enstatite (MgSiO3)
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! = 4 Fe-Ni alloy + H,S(g) — FeS(s) and NiS(s)
o %
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=2 JI & 14 Ne(g) — Ne(s)
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&
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Laboratory Technologies for Isotopic-Composition Analyses

Physical & Chemical Preparation of Meteorite

&

Primary lon

Y+ Y Y0 XEX X0 (XY)* (XY) (XY)O

t 1 1

Solid

Implanted
Primary
lon

) ot T
i ) o
.__:_ 3 ¥ = o e |
‘\E*.‘ YR i i E 1 3
%3 i g % c » .
S T

Secondary-Ion Analysis
&

» nanoSIMS with Ton Microprobes
» TOF-SIMS

» Resonant IMS (RIMS)
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nanoSIMS
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Primary
beam

Primary ion
optics

Secondary
beam

Sample

Primary
beam

Extraction
optics

Conventionel

Key Features:

&
&

N 2 Secondary
beam
Deflection
plates
Extraction
T and primary
ion optics
Sample
Co-adal
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%OFe in Solar-System Meteorites

°ONi Excesses wrt. Ni Isotopes Detected in Meteorites

@260Fe/56|:e — & " 45 . Tachibana et gl. ,g_cz%)z .
~3107 110 Troilite. ni Fe/*Fe), = (2.0 +0.4) x 10 -

140 1 Semarkona troilite
120

) v &
Mostefaour et al. 2003 ?" p
60 56Fe = (1.08 + 0.18) x 1076
'-. e
100 1 NanoSIMS crater o i

A9528-1

L] 1 ] ] L] 1
10 15 20 25 30 35 40
56 61p7s 6

Fe/"'Ni (x10°)

t T v T
1] 10000 20000 30000 40000

S6pe/%Ni|

ISM Abundance Ratio?
T 26| & OFe from ISM y's & SAD 27Al 26Fe -> ~ 1.4 10”7

The "Disk Area" of a Newly-Formed Stellar System is ~10 My

Chondrules are Formed ~Myrs after Decoupling
of SolarSys from ISM
“¥"When, Exactly, Does Chondrule Formation Occur?
“"Was ®OFe a Significant Heat Source of Chondrules?
““"Has there been 'late’ SN Enrichment?

r

-
Lo g 100 pm
'] L g —
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Detection of Presolar Grains

Huge (compared to solar-sample variances)

ISOTOPIC Abundance Anomalles 1E+05 ;
- 1|+ CcAls E
1| » Presolar Oxide -
- Solar Variation ~10% 1E+04 o | © Presolar Graphite .
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Presolar-6Grain Types

Zinner 1998

Diamond
2 nm |

Mainstream SiC
0.3-20 um

Graphite
1-20 pm |

S1C type X [z
1-5 pm

Corundum [ pog
0.5-3 pm ¥ :__RG stars AGB stars
SizNg |77
pm Fif SN
10 108 107 106 105 104 103

Bulk abundances in primitive meteorites
FiG. 1. Types of presolar grains discovered to date in primitive meteorites. Given are
their relative abundances (mass fractions), sizes, likely stellar sources and the exotic

noble gas components carried by some of them. Silicon carbide and graphite grains
contain tiny subgrains of Ti-, Zr- and Mo-carbides.

Driven by Detection Method
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Nuclear Burning in AGB Stars: Cool-Bottom Burning?

AGB Stars Eject Products from H Shell Burning

&
&
&

..-T, i
o o
=1 e v - L
] e urnin
’ i | she
-~ | ..‘
e | convective .~ R4
intershell | ~_pulse
.I »
)/ C-0 CORE

- He-burning shiell

Isotopic Ratio Measurements vs. Stellar Model Calculations

&
&
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Q_ °s °
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529Si/28Sj (%o)

Stardust: Presolar "X" Grains

Murchison
SiC X grains
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® NanoSIMS
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C-rich Stars -> AGB Stars
SiC X grains are a rare type of

presolar SiC

Isotopic signatures: Excesses
in 12C (most grains), 1°N, and
285i, large amounts of Al and
presence of 44Ti (some grains)
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Stardust Mission: Collecting Interplanetary Dust

Aerogel Layers Deposited in Interplanetary Space

Sample Return for Analysis in Terrestrial Laboratory

“"Stardust" Mission: Sample Return from Comet Wild
&

’)__

AbaUle as recoverea o Jan 2ov6 2 ) : : “‘\
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Interplanetary Cosmic-Ray Measurements
ACE/CRIS
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Radioactive-Isotope Constraints on

Propagation of Cosmic Rays in Galaxy
Spallation Reactions Produce Radioactive Isotopes
When Cosmic-Rays Collide with Ambient ISM Gas

Spallation Cross Sections are Determined from Lab Measurements
Abundances of Unstable Isotopes -> CR Path Length in Galaxy
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density profile
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Radioactive Isotope Clocks

ACE/CRIS, Wiedenbeck et al. 2001

* %°Ni and Acceleration Delay o Co (2=27)
%*Ni Decay by e Capture Only s 20F :
& = 15F
& € 10f
Q d
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Nuclear Astrophysics School NIC/JINA

| J

Air Shower Experiments

Incoming
Cosmic Ray

I
I
I
|
™ | [
p
| n
I
I
|

B

|
|
I
|
(Pon
I
|

a8 Electron

g Nuon
Y  Photon

n P

, Argonne Nat.Lab., 23-26 Jul 2008

Air showers consist of 3 components:

» hadronic component

primary proton scatters off atmospheric nuclei,
thereby producing protons, neutrons, pions,
kaons, ...

» myonic component
the decay of charged pions and kaons

: generates myons

n

> electromagnetic component

the decay of neutral pions generates y' s, which
initiate electromagnetic cascade through pair
creation and bremsstrahlung

Roland Diehl



Scaled flux E**J(E) (m™sec'sr'ev™)

N(lg E) . (E/GeV)""

The Cosmic-Ray Composition...

Equivalent c.m. energy \r (GeV)
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Inferrence of Isotopic Abundances

Meteoritic
Studies

\ 4

Molecular
Absorption-lines
(Radio,IR)

Atomic
Absorption-lines
(opt,UV)

Atomic
Emissionlines
(opt,UV.X)

*  Gamma-Ray
Lines from
Radioactive
Isotopes

Nucleosynthethis
Event
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Stellar Classification and Radiation Origin

* Spectral Classification Encodes Temperature

* Plasma Radiation Mechanism Depends on Temperature
&
NS
&

»

ionized .... neutral
metals molecules (T,0,..)

A ionized .... neutral

helium hydrogen

spectral line intensity

»
»

o B A F G K M R N S
SPeCtl’al Class after Abell ‘64
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Spectroscopy Measurements and their Analysis
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Determination of Abundances from Absorption Lines

Line Absorption Depth
-> Abundance

&
- Use "Equivalent Width"
16 line profile fqiu'mlem‘ width
Iy I ’//;{4{// //

/// 5 IIl / %

ost A 07

%% & . ./'.

oL BE] %

WAVELENGTH A —>

&

- "“Curve of Growth"

>> S'l'e“(]r‘ Con‘rinuum PGSSeS SEéO 51’BI 5I’82 SI‘SS 5I‘84 5I‘35 5|i;6 51.37
Through Photosphere, Being
Absorbed -> Exponential Law

» Corrections: Doppler Broadening
and Line Wing Treatment o
-> Deviations from Exponential f 7
Law e i

» seee.g. Pagel 1997

» Superseded by
Full-Spectra Modelling..

a=.00/

1 L 1 L
0.0 1.0 2.0 30 4.0

log (Nay/m)—
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Modelling a Stellar Spectrum

“c Temperature

(equivalent BB)

* Ingredients: Stellar Parameters
L=4R’c T}

F Determine ‘effective’ Temperature

- using calibrations between

relative bandpass intensities

and standard spectra

7« Distance
# from Parallaxes, ....
“Yields L, R from T

“c Mass

¥ Determine Surface Gravity

GM

- from pressure-broadened

lines (i.e. line profiles)

*c Metallicity

¥ Determine global metallicity,

Using SAD

rrrrrr

% Determine Pivot Element Abundance (Fe Lines)

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008
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Iterative De’r&:minaﬁon of Abundances
\;‘b

OBSERVATIONS
SPECTRA  COLOURS

\\\Nl ll’ /7 &
COMPARISON ~

N\
fi”'ffl‘*“\\
SYNTHETIC

SPECTRUM \

PHYSICS : DATA
IOMIZATION AND
DISSOCIATION ENERGIES

PARTITION FUNCTIONS
CONTINUOUS ABSORPTION

SPECTRAL LINE DATA
N, 84 &2 F 8.
A

ATMOSPHERE

1

[COMPUTER PROGRAM

[ NUMERICAL ANALYSISL_ PHYSICS : " THEORY"

[EQUAT ION'S | g PHYSICS  THEORY |

MODE L }

BASIC MODEL ASSUMPTIONS !

from Pagel (1997)
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Example: C,N in a Metal-Poor Star

CN Line System with Band Head at 3883 A
Varying the N Abundance

CS 22949-037
e
: [C/H] = —2.80. and [N/Fe] = 2.56 V ]
+2.26
3880 | | | | 38|5'| | | J882 | | 53:8.3 | | | | 5884

F" Depagne et al. 2002
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Isotopes: Spectra for Cooler Types of Stars

* Photospheric Temperature
Determines Absorbing Species
Giants, AGB Stars:
&
&
Isotopic
I 1
2t = &
= @
O:‘2950 503!0 51 ilO 5l‘.IBO 52ITO
X (A)

e Young et al. 2003 __
TE P AWH:
rﬁ‘ ]
\ 4 /\... / \ // Cl
O.g » 1 II| Ir .
\i/ Vi
wlf ||II |'II ?EMQH :
z 0% L | E
5 2441 [ Observed —— |
E 0? PPI BS SER S PR 1 L Ll Ly ]
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r r'\ ’_/'\ P
-y j 3
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/ \ / \ 4 1
08 | 'k *|| #higH :
| |I / MgH
| 24 ]
0-? L L L L L n L L | |#| L L L .{ A hulllgH 1
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Wavelength ()

F1G. 3. -Spectrum of G 17-25 from 5134 to 5136 A (top) and from 5138
to 5140.5 A (bottom). The positions of the ¥*MgH, 2*MgH, and MgH lines

are shown. The lines used in the 1sotopic analysis to derive the ratios are
marked by arrows.

Fig. 3.17. Synthetic spectrum of a red giant, Teg = 4500 K, logg = 2.25 in the region f’f the
siong Mg I b lines (cf. Fig. 3.9). The upper spectrum is the same with atomic lines ‘switched

o and shows molecular bands of MgH. Adapted from Mould (1978).
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Current-State-of -the-Art Example: C Isotopes

Optimize Spectral Resolution

in Observations
(=

5@
=]
o | |
L]
2'.., 'I?C 'Iiu Fe
L L L L | L L L L L L 1 L
4218 4218.5 4219 4219.5

A

Fig. 3. Comparison of the observed spectrum (crosses) and synthetic
profiles (thin lines) for A2A — X*I1 "2CH and "*CH lines computed for

2C/1C = 4 and 10, and with no *C.
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Impact of Atomic-Level Transitions

Hyperfine-Structure
Transitions or
Isotopic Shifts
Become Significant
for Lanthanides

Often Not (Yet)
Measured in
Laboratory

Abundance Errors
from Inadequate
HFS Inclusion up to
Factor 5

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008
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... more spectroscopy measurement methods...

background-lit interstellar gas

gas emission in different states

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



Abundances in Diffuse ISM
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Abundances

* Differences to Stellar
Photospheric Abundances:

Selective Condensation of
Elements onto Dust Grains

Formation of Specific
Molecules

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab.,

in Interstellar Gas
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Fig. 1. Interstellar gas-phase abundances toward the star ( Oph as a function of the
elemental condensation temperature (Savage and Sembach 1996). These abundances
are expressed in logarithmic form relative to those of the solar system.
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Quasar Absorption Line Spectroscopy

Quasar:
&

Less-Distant

Lyman Hmit LyB Lye Su Ccu SiLY Sl Qv
Gas Clouds &
Galaxies: ¥ e
- .
IV,
s, (
T ‘——-’/-\\__,_ . _}'f‘lr\l'\q_
& +
&
3500 2000 2500 5000 Sso0 5000

whierwres [erreg b

» "Ly o forest”
- DLA: Redshift  Lookback Time (Gyr) Lookback time (/1)

NH>1ozocm_3 0 0 0
0.5 5.4 0.37
& 1 8.3 0.57
. . 2 11.0 0.76
» Extract Absorption-Line Pattern 3 129 054
Attributed to Specific/One Galaxy/Cloud ; o o
» Evaluate Relative Abundances " o e
o 14.5 1.00
Roland Diehl
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Absorption from Atomic Nuclei: a Perspective?

total cross section Oy /A [mb]
SH

GDR D N
) DN, b S
: LI f::"} : AT | ”‘E
10! | TOR N : N
f‘\\}'; \\ :l \.\.
2 5 10 20 50 100 200
photon energy @ [MeV]

7« We See Effects of with increasing energy).

“ Excitation of Single Nucleons in Nucleus Potential ("Nuclear Lines")
- l‘WzEnucl

" Collective Excitations of Nucleon Groups ("Pygmi/Giant Resonances")
- giant resonances: protons versus neutrons
- quasi-deuteron resonances: a pair of proton and neutron
- each of these occur in all multipole orders

F~Excitations of Single Nucleons ("Delta Resonance")

& - Hadron/(%uar'k Phase Transitions
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Emission Line from Neutral Gas: H Abundance!
Nomenclature: "HI"

E.M.Radiation from
H Transition = Hyperfine-Structure (e spin T{ < T1)

&

<7

4 transition

collision

&

%:7-10—% <<Tgas—>&=3

B 1
» known level populations

3
| :EAhVOJNHdI
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Molecular-6Gas Line Emission:

o Dense (star-forming) Clouds
7 Radiation from

“"Electronic Transitions ~2 eV optical
&~ Vibrational Transitions ~0.2 eV NIR
#Rotational Transitions 1016 eV Radio

¢ OPTICGI DepTh Tradio << Toptical
(from dust absorption)

¥ Mostly Radio Measurements y Jh

A 27y

MPI{R Effelsberg

» e.g. COm=6.859 amu, r=1.128 108 cm ,

rotational transitions =>
j=1->j=0: 1156Hz 2.61 mm
230 1.3
345 0.87
equidistant levels

The Milky Way in Molecular Clouds
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Recombination Lines from Ionized Gas

Recombination Transitions

» e.g. Balmer Series Ha 656.3 nm n=1
Hb 466.1 nm n=2
or Hs., 2.1 um

Tonization of Gas by Central Source (HII Regions, Planetary Nebulae)

Tonization/Recombination DynﬂmiC Balance: (<-conservation of atoms)

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



X-Ray Spectroscopic Images of Cas A

* Recombination Lines of Highly-Tonized Species

+ X-Ray Lines in Fe, Si, S, Ar, Ca Show
S\ i Clumps with Large Enrichments
W

WM% "+ % FeLine Emission Features Outside
.fm T TN ] Si,5,Ar,Ca Line Features

E Qo B .u:h'%
3ot S o2, | ->Hughes et al., ApJ 528, 2000;
oy A || Hwang et al., ApJ 537, 2000
i | . % Issues: .NEI? (i.e., T,=T,>?

AT N, |
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What did we Learn?
How Do Nucleosynthetis Sources Enrich the Galaxy with Heavy Elements?

condensation : N sl

interstellar b\?f i?\ﬁﬁ? 61010 y
medium

infall &,
@ O Ly (e
mixin y !
!;’3?;’3?;’3?;’3??)?i',?;’g,?;*??,??)??;s.' S N R s &
hot

bubbles

compact
remnant
(WD,
NS,BH)

102-108y

Cosmic Chemical Evolution , Intertwined with Galaxy Evolution!
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Abundance Evolution in the Solar Neighborhood

Determination of Fe Abundances for Stars of Different Ages
F"Select Sufficiently-old Stars (F,6)
“"Determine Stellar Parameters:
- Intrinsic Brightness (from Distance, interstellar Reddening, and Brightness)
- Effective Temperature (from IR Flux)
- Age (from HRD and M,, T, or from Chromospheric Activity)
- Metallicity (from Absorption Lines, or Colors through Strémgren Photometry)

05 T T T 112
; """ ﬁ‘@ SN Il + SN la .
Results: i
& Substantial Abundance %.,
Evolution of Galactic Disk u, _.
" Star Formation Rate ~0.5
History ~ok :
. b ggﬁfé? 'Y 1085 e ]
@NUCIQOSYHTheS|S = a Meusinger et .Cll. 1991 - __ 2
. x Edvardsson et al. 1993 TNHI6
Massive Stars and SNIa ¢ 7 T T T T oo WW95 -
. —rold . . e .o
0 5 10 15
t (Gyr)
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Abundance Evolution in Solar Neighborhood

M ! . . ] . .
Birthrate of Stars per ‘Metallicity  Feameter Observational constraint
. . . Stellar yields Element abundances of the Sun
Models for Chemical EVOIUTth, USING: IMF slope x Solar abundance ratios
Close binary fraction A Relative frequency of Type II and Ia SNe
&
AMR
e Star formation efficiency » current fraction of gaseous mass
Schmidt exponent & ADF
& Accretion time-scale 7y, current infall rate
ADF
A — T~ 1 T T ]
r Pagel (1989 Sommer—Larsen (1991 ]
9 A
i with error bars o Rana (1991) ]

Results:
=

&

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Age~Metallicity: Sample Biases?

05" = volume-selected sample -
g Nordstrem et al. 2004

[Fe/H]

-0.5

-1 L L L 1 . L L 1 — | L I 1 PR | 1 L
0 5 10 15

Age (Gyr)

Fig.27. Age—metallicity diagram for 7566 single stars with “well-
defined™ ages in the magnitude-limited sample. Note that individual

age errors may still exceed 50% (cf. Fig. 16).
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[Pe/H]

0.5

0.8

2004] P 1993

B
L e L

[Fe/H]
4

—0.5

-1.0

" ' s
0 5 10 15

i e o

#c Solar-Neighborhood Stars
are a Mixture of Ages and
Metallicities

" Different Origins (Galaxy
Encounters, ...)

FDifferent Enrichments of
Star-Forming Sites
7’ There is NO Simple
Age/Metalicity Relation

“"Earlier Samples of Stars
were Selected to Equally
Expose the Galactic range of
Metalicities (Edvardsson et al. '93)

Roland Diehl



Understanding the Abundances in Our Galaxy
(10! Stars..)

& The Galaxy mhﬂﬂﬂ
n
e g ™
S o i Pom il

e =
AR {Pep | + N siara)
) M >

Gulacte -

B i Dk
'nnhuuum-t.- N v LN
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Spatio-temporal Evolution of the GG'GXY

Radial Gradients Provide a Key Diagnostic of Evolution

S I LN B A N LN B S H A A B S S S B B S B
a ' Gas | 2, 20 - B—band
[ i © - ]
o~ m n i
< 2 _ Qo B
& 10 ¢ g Sacl 13 Cyr
= [~ ] %n i 4
1 ='| | .-» —= E 28 ;I 1 ] I 1 l L Il l;:i.
E[ E o BN L v
= N g »
NU 100 ? g 20
<10 i s |
E =
Ea 3 % <4 - <
1 = B N 5
E 28 b, o1 e ) —
: :I T E [ T 1 L I | 4 L] T I T 1 L] I f:
= 10 SFR = 4 3 E
& = : -
- ] = 8 b E
Q 1 = n 3
£ 3 M2l .
E!G .. N 5 T B R
D ‘ l 1 1 l 1 3 1 I 1 1 1 ‘I--i) . 1 :_ 1 1 A I 1 1 1 I ] 1 1 I 1 1 | | I 1 _:
0 4 8 i2 18 4 8 12 i8
Radius {kpc) Radius (kpc)

Figure 1. Chemical ({eft) and photometric (right) evolution of the Milky Way disk, according to the
model of Boissier and Prantzos (1999). In all panels the solid curves correspond to model results at
galactic ages of 1, 4 and 13 Gyr, respectively: the latter (heavy curves) are compared to observations
of the present day disk (in the left panels: shaded regions for the gaseous and stellar profiles and
data points for the Star Formation Rate). The model leads naturally to different scalelengths for the
B-band (4 kpc) and the K-band (2.6 kpc), in agreement with observations.

&
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Chemical Evolution of the Galaxy

* Modeling Abundance Evolutions
'« Star Formation History

“c Source Yields :
% Mixing and Infall . I T
® Works for Some Elements, not for Others... R R
+ Modeling Standard Abundances oA e
7« (same ingredients) T

“" Agreement is Good, ~Factor 2

4+ There are Missing Pieces...

% Nuclear Reactions?
& Stellar & SN Models?
® Matter Cycling / ISM Flows?

Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008

T T T
| R-8.5Kpc T-10.45 Gyr
Type Il only
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Abundances within the Galaxy Insude Ouf

Metallicity Reduces with
Galactocentric Distance

The Sun Appears Enriched
wrt. its Environment

Loge(Al)

Loge(S)

o)
h

o))

coen

~2
w

4
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Chemical Evolution Model for the Galaxy

= "Two-Infall Model"
Treat Gas-to-Star Formation, Evolution, Yields & Recycling
Two Major Episodes of Material Infall

&
&
&
A(r, 1) = a(r)e” /™ 4 p(r)elt—tme)/0lr)
» using t,,,=1 Gy as time of maximum thin-disk infall, )
and for the thin-disk formation time scale: \
™ = 1.033r(kpc) — 1.267 Gyr. S| I i
T -
5 3 10
@ ime (Gyr)
&
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What the Galaxy Tells Us About Yields
Fitting GCE-Model Predictions to
Observation-Inferred Abundance Histories

- assuming Star-Formation and Infall Histories and IMF are Fixed by Various
Constraints (e.g. star & gas distributions, spatial abundance gradients)

ul Ty ]
" — [ T UL B ] —_ T T T T T —_ LN L B T ™1
% — Solor value @ 00726 — o lue = 0,767 — L Sokar valus : —0.837
omi — o — L ’
Py o0 " N L rTR Lo
= 7] 1 = r T AT -
o . 1 -I— o A ] E o e D e : B
lg = | . 1 & \ = et Frmili a8 ek --.="'..'i_:_.-',. ¥
i 4 il o L * C LA
B o T T I-Irlq_l__\?::: e = —_— ="
B n 1 u} w '
o i | L. o ] | 1 L = 1 ) - 1 .
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Separating Galactic Stellar Populations (I)

* Combine Kinematic with Metallicity Signatures
Characterize the General Sample Properties

&
300 T 1
& ‘HTﬁPE?—PFEHDEE
Z50F.
i
E zoof.
= .
150 F:
100 .|-|.|L|n|-'l'||||ll||.|
—100 -=54d o S0 100
e (km 57')
&
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Figure 3. Mean velocity components and dispersion as function
of metallicity [Fe/H] for the stars in the N04 sample. The bottom
panel shows that there are only a handful of objects in the most

metal-poor bins, which makes less reliable the characterization of

the velocity ellinsoid
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Metal-Poor Stars

Stars with Unusually-low Metal

Enrichments
Access to: TABL‘EL 1 Nomenclature for stars of different
. . . metallicity
““"First Stars in Universe/Galaxy
“ Primordial Abundances (Li) [Fe/H] Term Acronym
" Supernova-II Abundances > +0.5 Super metal-rich SMR

CS 29503-013!HE 0003~ 2353 B =15, OJ'TO,’[FE!H] =-1 5

1400 F .
ook ~0.0 Solar —
E 1000 |
8 soof < —1.0 Metal-poor MP
£ e00fF
§ aoof < —2.0 Very metal-poor VMP
200
0 — | ' < —3.0 Extremely metal-poor EMP
CS 22875-012/HE 2220-3927 B = 15.1/TO/[FE/H] = -2.1
_ta00f /‘v\w | < —4.0 Ultra metal-poor UMP
B 1200 f
g 3 CakK /Y‘
8 0ok ;H\ < —5.0 Hyper metal-poor HMP
2
@ 600F .
g soof < —6.0 Mega metal-poor MMP
200 F
0/ L ' : . TABLE 2 Definition of subclasses of metal-poor stars
CS 30339-069/HE 0027-3613 B = 14.9/TO/[FE/H] = -3.2 Neutron-capture-rich stars
1400 F ' ' ' o - I 0.3 < [Eu/Fe] < +1.0 and [Ba/Eu] < 0
7 1200F CaK 1 E r-11 [Eu/Fe] = +1.0 and [Ba/Eu] < 0
§ 1000 | S [Ba/Fe] > +1.0 and [Ba/Eu] > +0.5
£ 8o0f /s 0.0 =< [Ba/Eu] < +0.5
‘E 600 F E Carbon-enhanced metal-poor stars
& g E CEMP [C/Fe] > +1.0
200F £ CEMP-r [C/Fe] > +1.0 and [Eu/Fe] > —+1.0
0 bt T CEMP-s  [C/Fe] > +1.0, [B/Fe] > +1.0, and [Ba/Eu] > +0.5

CEMP-1/s [C/Fe] = +1.0 and 0.0 < [Ba/Eu] < 4+0.5
CEMP-no [C/Fe] > +1.0 and [Ba/Fe] < 0
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Finding Metal-Poor Stars

*c Surveys and Follow-Ups

¥~ Surveys Identify Stars with Weak
Lines from Clearly-Visible Metals (Ca)

" Follow-Up High-Res Spectroscopy
Determines Metal Content

Figure 1 The three major observational steps toward obtaining elemental abundances
of metal-poor stars: (a) Wide-angle surveys (e.g.. ohjective-prism surveys) vield can-
didate metal-poor stars: {H) vetting of the candidates by moderate-resolution follow-up
spectroscopy: and (¢} high-resolution spectroscopy of confirmed metal-poor candi-
dates. The star shown in this example, HE 0107=5240, is one of the most iron-poor
stars yel discovered, The strengths of its absorption lines are compared with the (or-
merly most iron-poor gianl known, CD —38% 245, The spectra shown in the fower two
panels have been divided by the continuwm, The resolving power. B = 4 /A, of the
spectra 1s indicated along the right-hand side of each panel. Prominent atomic and
molecular species are labeled.
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Elemental Abundance Pattern in Halo Stars
Metal-Poor Halo Stars ([Fe]/[H]~-3!) Show Same Elemental Patterns as Solar System!

&
T
-~ 0.50
almost \y
solar v
abundances! -0.50 _
-1.50
| =
-2.50
q.) |
)] -3.50
o
o -4.50
= [ : — |
= ] i i
© 5.50 _ . _
@ 650 ' . = .
_ . 2 NAN 4+ ]
750 |- 3 -
S [Fel/[H]=-2.9
@ C522802-052
-8.50 |- | —— SSrRocessAbundances + -
s & bd+ 17 3248 i
i B m HD 115444 _
9.50 | N 231089001 John Cowan _
1050 Lo Lo L b b P re—
30 40 50 60 70 80 90

Atomic Number
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Reminder: The r-Process

Y(Z, A) = n captures, photodisintegration, and 8 decays =

120 :ll!IIIIIP|I!IIIIHHIIII]IIH|III !II1II[IIIII!|IIHIII \|IIIHIIII]I|TIIIII
nY(Z,A— 1o,  + Y(Z,A+ )i,
100 |
N —Y(Z,A)n,04 + Ay + A + A5, + Ao, + Afa,)
g 80 E +Y(Z -1, A "1+ Y(Z—1,A+ 1) 1Aat!
2 60F +Y(Z - 1,A+ 255042+ Y(Z — 1,4 + 3)A%;,04+3
§ ; log(T:2/5)
e 40 E_ " ° ”
a Detailed Balance” for (n,y), (v.n) ....[zeay 4y
20 E_ -> nUC|eClI" pr‘oper“rieS! (Bn) X(M)“g “p[___ﬂ_:z.ft“)}
glllill\IlliIlII\IIlIIIIIIlII“IIIlIHI|1IIIIHIJJ_LIHIIIII‘IIIIIII}IIIIIIIIIII‘
°0 20 40 60 80 100 120 140 160 Yz.Aa+1y _, Gz A+ ”(“” l)m
Neutron Number N Y(Z, 4) 2G(Z, 4) A
(2;-:!;2 )3” [B,,(Z, A+ 1}}
“\mr) P kT
RETTTTT T T i.e., abundance pattern determined by:
1000 = neutron density, temperature, and nuclear masses
(a)
100

10 “"Waiting Point” Approximation:
g T ‘ ; B Decay of n-richest Isotope limits Flow

g ¥, .
LI AT £E, ! Flow Continuity
€ . A Ly
égc A | ’ ' l]l}‘,'_!_ T T . ih = ->
o ' -~ """""-!,!; "']1' 1 r Process Pattern Completely Determined by:
: ‘neutron density
001
‘femperature
0001 - ‘nuclear masses
P -seed nucleus abundance
Mass number A (-> nuclear properties far from stability by astronomy?)
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“Shell Quenching” and the r-Process
r-Process Elemental Abundance Pattern is
Sensitive to n Shell Closure Effects
“"Closed Shells = "Waiting Points" of r Process Path
““"Pronounced Shell Structure Would Make Shell Crossings More Difficult
““"Increased Abundances Around Closed Shells During r-Process
““"r-Process Reaction Flow Times Would Be Increased

lJlIlIIIIIIIIlllIIlIIIIIIllllllllllllllllllllllll LI |

wn 10° %;
3  f /
,,",t . :
-E -101 ’As 1B 4 ”@‘7’
g | T |
=) 'I ; HW}F " Al ]
o r_ _‘il
o 107 1
i |
o
2
(='W 103 * experiment
- pronounced shell structure
shell structure quenched
10% PR T Levieanianl

120 140 160 180 200

Mass Number A
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MPS Puzzles from Early Nucleosynthesis

*  SNII Nucleosynthesis in the Early Galaxy: Yield Ratios ~SNITI?
" ..apart from the r-process pattern...

Metal Lines in Halo Stars
“"Now Down to Metallicities <5.4l

&
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Metal-Poor Stars: Primary/Seconday Diagnostics

[Ma/Fe]
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Fig. 7. [Mg/Fe]. [Si/Fe], [Ca/Fe] and [Ti/Fe] plotted vs. [Fe/H]. The
peculiar star CS 220949037 is not included in the computations of
the scatter and of the regression line (dashed) for Mg. The star
CS 22169-035 is deficient in all the light “even” elements.

g L TL&;ZZQ 4937
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rections for NLTE effects have been applied.

-> only seen for Na, not for Al
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Are We Seeing Individual Supernovae?
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Fig. 7. [Mg/Fe]. [Si/Fe], [Ca/Fe] and [Ti/Fe] plotted vs. [Fe/H]. The

peculiar star CS 220949-037 is not included in the computations of

the scatter and of the regression line (dashed) for Mg. The star
CS 22169-033 is deficient in all the light “even” elements.
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Figure 6 [Cr/Fe] as a function of [Fe/H] for 35 VMP giants from the HK survey observed
with VLT/UVES (Cayrel et al. 2004). The error bars are one-sigma estimates. Note the

extremely small scatter about the trend line.

Typical SN Products

Seem 'Primary’
Absence of Scatter

&

[Eu/Fe] Scatter
Suggests the
Opposite
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Abundances from Metal-Poor Stars

“cApplications/Lessons:
F"Estimating the Age of the Galactic Disk
“"Tracing the Chemical Evolution in the Early Galaxy
¥~ Testing for Interstellar Mixing

“"Identifying an Apparently Robust Nucleosynthesis Process
from Individual Sources
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Galaxy Interactions
Suggested by

&
&

Composite Infrared

Visible

Interacting Antennae Galaxies Spitzer Space Telescope * IRAC
Vigible: M. Rushing /NOAD

NASA / JPL-Caltech / Z. Wang [Harvard-Smithsonian CfA) ssc2004-14a
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Lessons from Dwarf Galaxies?

The Galaxy's Companions:
&

&
» many clearly associated with major galaxies (MW, M31)

“The Stellar Content of the Local Group
Edy. li"kil_'ﬁﬂck & Cﬂ,mmn, ASP: Conf. Ser

E.K. Cirebel, 1999, IAL Symp. 192,

! Sextan’s B . . N
\ - Amlrall,.--" I
i Sextans A L ’
= [ NGC 3109 -7 .

=

» smaller scale -> less confusing / simpler evolution??
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Compar'mg Tr'ends for lefer'enf Stellar Samples

K Venn et aI 2004
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A Separ'a’rlon of STellar Gr'oups
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% "'normal’ Milky Way Stars

¥ 'retrograde’ Stars
(accreted from merger??)

& Dwarf Galaxies' Stars
“c Similar Evolutionary Principles

“« Discrepancies & Offsets

““"Implausible Common Origin (merger)
1 a/Fe is lower in dSph's
® Dwarf Galaxies: Differences in
- SF Histories
- Relative Contributions of
» cc-SNe
» SNIa

» AGB Stars Roland Diehl



Galactic Halo vs. Nearby Dwarf Galaxies

Sagittarius Ursa Minor Draco Sextans Sculptor
Low-Mass & Nearby 25kpe | A6 69 kpe 79 kp s6kpe 88 KPC zenys
Dwarf Galaxies are & Bl e |l | R L | m
. . e 2 . anCep 2, an ~ -‘PC:FP
Dominated by a Single, ,- vy ) o[ A, P

VA
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Bur'S'I‘ 15 10 5 0 15 10 5 0 15 10 5 0 15 10 5 0 15 10 5 0 [Gyr]
Spatial variations Basically single age, Abundance spread  No deep photometry  Radial gradient
in age and metallicity  single metallicity No HI detection Hlin surroundings? Hi in surroundings?
possible radra.'g radient No Hj detection Mv = -8.6 mag Mv =-9.5 mag Mv = -9.8 mag

Hl cloud unassociated? My =-8.9 mag

Carina ﬁg Fornax sgcs Lecll Leol s
94 kpe R ¢ A
. HE ! o ; ?"‘
&Age

15 10 5 0 15 10 5 0 15 10 5 0 15 10 5 0
Some evidence for Spatial variations No HI detection Spatial variations
radial variations in age and metailicity My =-10.1 Hi in surreundings ?
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Quasar Absorption Line Spectroscopy

Quasar:
&
&
. Lyman Hmit LyB Lyo S Cu Sily Sl Y
Less-Distant
Gas Clouds & P
Galaxies:
____J/"{T_ "n“
& — =
&
w 500 4{]'\'}0 45IC|D EDIOD 55!00 ; SDIOU
» "Ly a forest” —
&
» Extract Absorption-Line Pattern Attributed to Specific/One Galaxy/Cloud
» Evaluate Relative Abundances
Redshift Lookback Time (Gyr) Lookback time (t/%)
0 0 0
0.5 5.4 0.37
1 8.3 0.57
2 11.0 0.76
3 12.2 0.84
4 12.9 0.89
5 13.3 0.92
6 135 0.93
10 14.0 0.97
Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2 14.5 1.00 Roland Diehl



Chemical History of Earlier Universe

Suggest Evolution
with
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Fig. 1.3. Summary of the metallicity measurements vs. redshift for the 121 DLAs compris-
ing the full, current sample. The area of the data points (squares) scales with the N(H 1)
values of the DLAs. The dark binned values with stars correspond to the cosmic mean
metallicity (Z), which is the metallicity of the Universe in neutral gas.
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Early Nucleosynthesis: DLA System Spectra

DLA Systems

- Enrichment of o Elements (from intermed-mass stars)

» Analysis: Compare Patterns to Models, varying e.g. Age, Metallicity
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-> Consistency Check of Chemical Evolution
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Abundance Cons'rram'rs/Hm’rs fr'om Galaxy Clus'rer's

Spatial Mapping of
X-ray Lines from

Fe, Si, C, O is Possible
If Fe,Siis Attributed
to SNIa Production

& Ejection from
Central Galaxy

&

Nuclear Astrophysics School NIC/JINA,

0 (solar)

| | 1 T |
S Si - . 0' o E __ﬁ Si 'I
2.t == F % :
e?p n\-\ :E :__// ] %g_
o F h, 19w [ ]
. + P S T i)
:':J_Jw__'m F ]
/ 1-temp | g'
s L4 syl il =l | wal
0.1 1 10 1 1 10

Argonne Nat.Lab.,

R (arcmin)

-0.6

23-26 Jul 2008

R (aremin)

Matsushita et al. 2003; 2006

0.2

-~ WBD3

RGHGD —— 'lly_ - ‘VA\?LJL,J‘ _—
N::-,Q’;JF{ :
A N1550 ]
L o T WDDT A

1 "~ Cent. h
Cer’r.MS?

fraction of Fe contributed by SN la A
I I I I I I I
10% 40% b60% 80% 90% 95% 97.5%
I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 ]
-0.5 0.0 0.5 1.0
[Fe/0]

Roland Diehl



Time Domains of Cosmic Nucleosynthesis

Tmixmg(IS/v\)?
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Star Formation was More Violent in the Pas

Details are very Uncertain
Nuclear Astrophysics School NIC/JINA, Argonne Nat.Lab., 23-26 Jul 2008 Roland Diehl



What did we Learn?
How Do Nucleosynthetis Sources Enrich the Universe with Heavy Elements?

Individual Objects/Sources 10° y
" Meteoritic & Gamma-Ray Isofopic Ratios

Zornprogess patte |-poor: stars
clouds

star formation (~3%)

Stellar Groups

“*"Abundance Patterns -> Star-Formation History Variet
“ Kinematic Disenfdnglement in Progress - > A'r'r

medium \*‘

hot

Galactic bubbles

‘ SNla
halo —

102-108y

Abundance Details Provide the Key Observational Tools
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