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Nuclear Physics and Methods of
Abundance Determination

- What is the Universe made of ?
- Some basic definitions and terminology

- How do we determine abundances ?

(Recap of “Intro do Astrophysics” and
Overview of “Nuclear Physics”)

Ingredients of the Universe

What is the Universe made of ?

60% Dark Energy (would really like to know )
38% Cold dark matter (don’t know but there is hope)
2% Nuclei and electrons (visible as stars and gas)

Why bother?

Scientific answer: Elements probe the physics conditions and,
thus, tell us about conditions of the stars and the Universe when

they are formed.
Emotional answer: Where do we come from?

Key Questions:
» What kind of nuclei is the universe made of ?

» How abundant is each element/isotope ?



Structure of Atoms
Bosons as 'carriers of forces' (spin=0,1,...)

* Structure within
the Atom

Unified Electroweak spin = 1 Strong (color) spin =1
Quark
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Fermions as matter constituents
(spin=1/2,3/2, ...)

Properties of the Interactions

Leptons spin = 1/2 Quarks spin =12
Approx.
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Standard Model of
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Mass fractions Abundances in the Cosmos: 1. The nucleus

Mass fraction X;is fraction of total mass of sample that is made up by nucleus of species i
Constituencies: Protons and Neutrons

X.p P : mass density (g/cm?)
n, =—— o
m, m; mass of nucleus of species i Basic Quantities :
(CGS only !!! because definition of mol) « A: Mass Number = number of nucleons
\

with m, = A [#n, and m, =m,./12=1/N, as atomic mass unit + Z: Charge Number = number of protons

(AMU) « N: Neutron Number

D A=Z+N - binding energy

n; PN,
Usual notation:
Mass number A
_ . X, : -
so |n, =Y,pN, | with Y =—+ note: Abundance has no units Element symbol — defined by charge number

A1 C is Carbon and Z=6

Useful Relations

_ Definitions for Abundances
of course ZiXi =1

- Mean molecular weight u, AY, ] 1 Particle density of isotope i:
= average mass number = Z—i e or U == n; mumber of particles/cm =3
Y, Y, Y,
1 1 1
Particle abundance
« Electron Abundance Y Y. — m;
.=
As matter is electrically neutral, for each nucleus with charge number Z there Za“ isotopes j Vi

are Z electrons:

Y = z ZY, and as with nuclei,electron density 7, = pN,7Y,
l Remark: Often given logarithmic and normalized to hydrogen H

E 7Y, prop. to number of protons
it - i
can also write: Ye - Z A7Y prop. to number of nucleons )
i Relative abundance ¢;

€; = log1oX; + 12

So Y, is ratio of protons to nucleons in sample
(counting all protons including the ones contained in nuclei
- not just free protons as described by the “proton abundance”)



Abundances from stellar spectra (sun):

corona hot thin gas
up to 2 Mio K S 5 — emission lines
chromosphere < 3 hot thin gas
~ 10,000 km — emission lines
up to 10,000 K 5
photosphere 2 photons escape still dense enough for
~ 500 km freely photons to excite atoms
~ 6000 K when frequency matches

—> absorption lines

—

convective zone radiation

Absorption lines from atomic excitations

continuous spectrum

transport
(short photon
mean free path)

Emission lines from atomic de-excitations l Wavelength -> Atomic Species

Intensity -> Abundance

How to Identify Chemical Elements and Molecules
in Stars

» Each element and chemical compound has its own
unique energy levels.

» Each element and chemical compound has its own
unique pattern of emission and absorption lines

* Look for the pattern in the spectra of stars. If the
pattern is present, the element is present.

The solar abundance distribution

Fraknoi, Voyages Through the Universe, 2/e
Figure 24.6, also Figure 16.5 Volume 2
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How can solar abundances be determined ?

1. Earth material

Problem: chemical fractionation modified the local composition
strongly compared to pre solar nebula and overall solar system.

for example: Quarz is 1/3 Si and 2/3 Oxygen and not much else.
This is not the composition of the solar system.

But: Isotopic compositions mostly unaffected (as chemistry is determined
by number of electrons (protons), not the number of neutrons).

— main source for isotopic composition of elements

2. Solar spectra

Sun formed directly from presolar nebula - (largely) unmodified outer layers
create spectral features

3. Unfractionated meteorites

Certain classes of meteorites formed from material that never experienced
high pressure or temperatures and therefore was never fractionated.
These meteorites directly sample the presolar nebula

solar abundances:



Example: Grotrian Diagram of OI

Confinuum

Wing

Intensity of EMission —s

Residual Emission
Zero

b—ak—+ b=

effective line width ~ total absorbed intensity g -.

Simple model consideration for absorption in a slab of thickness Ax:

-0 nhx I, 1, = observed and initial intensity
I = I 0 e 0 = absorption cross section
n = number density of absorbing atom

onzs’2p eyl

]jcm..wu[l..u intervals fen™)

T

So if one knows ¢ one can determine n and get the abundances

Complication (1) Determine ¢

The cross section is a measure of how likely a photon gets absorbed when

Absorption Spectra for Stars

an atom is bombarded with a flux of photons (more on cross section later ...)

It depends on: ‘ — |
1 - 1
« Oscillator strength: a quantum mechanical property of the atomic transition r
L hydregen
Needs to be measured in the laboratory - not done with sufficient accuracy
for a number of elements. 54 W -FW
2 1t Vv\r
« Line width o nﬂm‘ y MW ‘\W ™y
QO
the wider the line in wavelength, the more likely a photon is absorbed = - 'U
(as in a classical oscillator). e J\}\M M Fe 0.
o) v P« Mg
= excited state has an energy width AE. ©oos U “ l
@) This leads to a range of photon energies r L Band
that can be absorbed and to a line width - “
photon Heisenbergs uncertainty principle relates that - Ca
Atom energy to the lifetime 1 of the excited state 0 P E 1§ s w13
4000 5000 6000

range

AE[T=h Wavelength (&)

— need lifetime of final state



An Excursion to Statistical Physics I

Occupation numbers: Atomic and molecular level population.

General: (Non Local Thermodynamical Equilibrium NLTE:)
Example: Time independent Statistical Equations limited to hot plasma’s:

”'L(Eb—b(R'LJ + Cm] + (Rzk + Czk)) = Mg (sz + Ckz) + Eb—l:o"r"g ”E(Rjt + C_n)

with R and C' the radiative and collisional transition probability between bound states
and j, n, the electron density, and n; the number density of atoms in state i.

R = R(r1 V1 J.'/! T1 pu nz,wn)l C = C(r1 Vs T1 pu ”z,zon)

Problems:
a) Solution depends on the knowledge and accuracy of all transitions.
b) System of very large dimensions Nigtar = Ngrid * Nv * Netements * Nievets * Nions

An Excursion to Statistical Physics II

Equilibrium equivation for concentrations in the initial and final state [A:], [Af]

B[Ai] = 3[As]

The results only depends on the weight g of the quantum states, and the energy differ-
ence between ¢ and f, and statistical properties such as 7', the matter density p and the
composition.

Examples:
Chemical Equilibrium:

C+0=C0

Excitation Equilibrium (2-components, Boltzman-Equation):

n. By |
=t = (g;fg:)e*BT
fl_?

Tonization Egquilibrium (3 components, Saha-Equation):

n; - h?
1M B (gj/gj+l(27r me kp T

) 1.5 )eiﬁ;?

Remark: The red, underlined term is the statistical weight of an electron in phase space.

The lifetime of an atomic level in the stellar environment depends on:

» The natural lifetime (natural width)
lifetime that level would have if atom is left undisturbed

» Frequency of Interactions of atom with other atoms or electrons

Collisions with other atoms or electrons lead to deexcitation, and therefore to
a shortening of the lifetime and a broadening of the line

Varying electric fields from neighboring ions vary level energies
through Stark Effect

—— depends on pressure
— need local gravity, or mass/radius of star

- Doppler broadening through variations in atom velocity

« thermal motion = —— depends on temperature

» micro turbulence

Need detailed and accurate model of stellar atmosphere !

Complication (2)

Atomic transitions depend on the excitation and ionization !

The number density n determined through absorption lines is therefore
the number density of ions in the ionization state that corresponds to the
respective transition.

to determine the total abundance of an atomic species one needs the fraction
of atoms in the specific state of ionization.

Notation: I= neutral atom, IT = one electron removed, III=two electrons removed .....

Example: a Call line originates from singly ionized Calcium



Practically, one sets up a stellar atmosphere model, based on star type, effective
temperature etc. Then the parameters (including all abundances) of the model are fitted
to best reproduce all spectral features, incl. all absorption lines (can be 100’s or more) .

3.2. Meteorites

Meteorites can provide accurate information on elemental abundances
in the presolar nebula. More precise than solar spectra if data are available ...

But some gases escape and cannot be determined this way
(for example hydrogen, or noble gases)

Not all meteorites are suitable - most of them are fractionated
and do not provide representative solar abundance information.

One needs primitive meteorites that underwent little modification after
forming.

Classification of meteorites:

Group Subgroup Frequency

Stones Chondrites 86%
Achondrites 7%

Stony Irons 1.5%

Irons 5.5%

Use carbonaceous chondrites (~6% of falls)

Chondrites: Have Chondrules - small ~1Tmm size shperical inclusions in matrix
believed to have formed very early in the presolar nebula
accreted together and remained largely unchanged since then

Carbonaceous Chondrites have lots of organic compounds that indicate
very little heating (some were never heated above 50 degrees)

Chondrule

How find them ?

Example for a r-process star (Sneden et al. ApJ 572 (2002) 861)
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Emission Spectra:

Disadvantages: ¢ less understood, more complicated solar regions
(it is still not clear how exactly these layers are heated)
- some fractionation/migration effects
for example FIP: species with low first ionization potential
are enhanced in respect to photosphere
possibly because of fractionation between ions and neutral
atoms

Therefore abundances less accurate

But there are elements that cannot be observed in the photosphere
(for example helium is only seen in emission lines)

EEEE .
\

this is how Helium
was discovered by
Sir Joseph Lockyer of
England in

20 October 1868.

Solar Chromosphere
red from Ha emission
lines




- Metecr.

P-otos.

num berfraction

log of photosphere abundance/ meteoritic abundance

Meteorites Land on the Earth All the Time

1 p O Y » T T ¥ Ll T T
i I 1 Most meteorites are found in Antarctica where they are easy to
i E see in the snow.
N5 =
- 9
L J [ 4
0.0 II{IJ 'HIEE% I‘x%ﬂ I T U}I J ﬁ -
i 3 3 I I Jl. } {
0.5 =
m— ] .O I L L | i I i I ' L L i 1
0 20 40 60 80
Z (otomic humber)
generally good agreement
Hydrogen mass fraction X=0.71 3.3. Results for solar abundance distribution
Helium mass fraction Y =0.28 Part of Tab. 1, Grevesse & Sauval, Space Sci. Rev. 85 (1998) 161
MetaII|C|ty (mass fraction of everythlng else) Z=0.019 Element Abundances in the Solar photosphere and in Mcteorites
Heavy Elements (beyond Nickel) mass fraction 4E-6
ElL Photosphere® Melcorites Ph-Met EL Photosphere® Meteorites Ph-Met
a-nuclei 01 H 12.00 - - 42Mo 192 +0.05 {97 £002  —00S
Gap C, O, Ne, Mg,.... Ca general trend; less heavy elements : ) i : s s
B,Be,Li 02He  [10.93 +0.004) - B 44Ru 1844007 1834004 4001
" 0 | l / / / / 03 L1 1.10 £0.10 331 £0.04 =221 45 Rh 1.12 £0.12 110 +0.04 +0.02
g L A A 171 T T I E 04 Be 1.10 £0.09 1.42 £0.04 002 | 46Pd 1.69 £0.04 L70 L0.04  —0.01
1 0 . E 05B (2.55 £0.30) 2.79 £0.05 (=0.24) | 47 Ag (0.94 £0.25) 1.24 +£0.04 (—0.30)
10 - 06C 8.52 +0.06 = = 48Cd 1774011 1.76 £0.04  +0.01
1 0 -3 ; 07N 792 +0.06 - - 49 1In (166 £0.15) 0.82 £0.04 (+0.84)
0 4 ks (nucl hell l ) 3 08 0 8.83 +0.06 e = 50 Sn 2.0 £(0.3) 2.14£004  —0.14
. r-process peaks (nuciear shell closures 3 09 F [4.56 £0.3] 448 £0.06  +0.08 | 51Sb  1.0+(0.3) 1034007  —0.03
10 : = I0Ne  [8.08 +0.06] = = 52 Te = 2.24 £0.04 -
10 . é 11 Na 6.33 +£0.03 6.32 £0.02 +0.01 531 - 1.51 £0.08 -
10 R s-process peaks (nuclear shell closures) é 12 Mg 7.58 £0.05 7.58 +0.01 0.00 54 Xe - 2.17 £0.08 -
1 0 N j 13 Al 6.47 +0.07 6.49 £0.01 —{(.02 55Cs - 1.13 +£0.02 -
. l E 14 Si 7554005 7564001 001 | 56Ba  2.13£005 2224002  -0.09
1 _0‘ H 3 I5P 545 £(0.04) 5564006 —0.11 | 57La 117 +0.07 1224002 —0.05
10 é 168 7.33 £0.11 7.20 +£0.06 +0.13 58 Ce 1.58 £0.09 1.63 £0.02 —0.05
1 Fe peak UTh 3 17¢1 (5.5 £0.3) 5284006 022 | 59Pr 071 £0.08 0.80 £0.02  —0.09
1 (width 1) E - =
10 - Fe | | =
1 0 ) ‘ I ‘ I I ‘ I I ‘ I il A . .
0 50 100 150 200 150 units: given is A = log(n/n,) + 12 (log of number of atoms per 10" H atoms)

massnaumber

(often also used: number of atoms per 10° Si atoms)




Nucleosynthesis is a gradual, still ongoing process:

The Milky Way

H, He, Li

Big Bang /V

Star
Formation

Nucleosynthesis ! I

contineous

enrichment, Life of a
increasing star
metallicity

Death of a star
(Supernova,
lanetary nebula)

Nucleosynthesis ! I

Remnants
(WD,NS,BH)

BH: Black Hole

NS: Neutron Star

WD: White Dwarf Star
ISM Interstellar Medium

Side View of the Galaxy

globular
clusters

8,000 parsecs .

25,000 parsecs

M104, a Galaxy with an
Unusually Prominent Halo




Cas A Supernova Remnan
Hydrogen (orange),
Nitrogen(red),

Sulfur(pink),
Oxygen(green)

by Hubble Space Telescope

& »

Cas A with
Chandra X-ray observatory:

red: iron rich
blue: silicon/sulfur rich

Metallicity Gradients provide the Abundance Evolution

AL

(Fe/H)

Fe/H] = |
(Feff] = log (Fe/H)

solar -2

Classical picture:

Pop I: metal rich like sun = [
Pop II: metal poor [Fe/H]<-2 i‘.- -3
Poplll: first stars (not seen) o

but today situation is much
more complicated - many
mixed case ...

model calculation:
Argast et al. A&A 356 (2000) 873

0 1o0p 2000 3000 4000 5000
Age [Myre]

metallicity - age relation: old stars are metal poor  BUT: large scatter !!!

Supernova remnants - where freshly synthesized elements got ejected

Cas A:




