


The Standard Model of Particles and Interactions
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Mesons, interquark potentials
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Nuclear forces, fusion
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The Standard Model of Particles and Interactions

Atoms
Dark
4.9% Energy
68.3%
Dark
Matter
26.8%
TODAY
Neutrinos Dark
10% Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Troubles:

1. Gravitation

2. Dark matter / Dark Energy
3. Neutrino masses

4. Matter/antimatter symmetry



Periodic Table of the Elements
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The Big Bang

Time Since Major Events
Big Bang Since Big Bang
present Humans
stars, observe
Era of galaxies the cosmos.
Galaxies m:':}'m
ﬂ':ms ?nd
1 billion } plasma
years atoms and miﬂhm'
: sma
First stars ~10%yr Era of
TR OIS gy stars
Atoms bog:n Atoms form;
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eM " years I!.:Iasma of microwave
Era of yd and background.
B helium nuclei "
Nuclei plus electrons Fusion ceases;
3 minutes ) mrm;‘: matter is
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BBN according to the SM

« t, <10°s
« Particle antiparticle pairs annihilate and are produced by photons, n=n~n
« t,>10°s
« Particle pairs annihilate into photons, but the universe is too cold to produce them
(T<2m)
* Today

« All particles and antiparticles have annihilated, there are no galaxies, no stars, no
humans



Sakharov's conditions

Sakharov's conditions

- Baryon number violation

« Matter and antimatter are (almost) symmetric, but our

» part of the universe involves matter only

n,—n
. £ 5 _— 6.1703x107"

My

« Sphalerons convert leptons to baryons, conserving B-L
- C and CP violation — antimatter behaves differently than matter

 Cisviolated by EW

« CPVistoo smallin SM (if CKM is the only source, must occur during EW
phase)

— Qut of equilibrium B-violating processes

» Phase transitions
» Decay of non-SM heavy particles

4" Generation of quarks?
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P UTALICATION of beisf rapants of émporiond dizcoveries
im physics may be secured by addrassing them do fhis
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The Origin of Chemical Elements

K. &, ALrHenT
Applivd Phyrics Labaraiury, The Jvhns Fophier Dnizersiny,
Sitmer Sjang, dfarploed

AND
. Rerae
Crrmell DOwiparnily. ARG, ficd? Fovd
AKD
Ui Cranmor
The Gaowpe Waskington U nimersiTy, Hasksegion, 80
Fubrgary LR, 1943

5 pointed out by one of os! various neclear species
must have originated oot as che result of an equilib-
riem cormesponding to 4 certain temperamne and densipy,
bt rather gs f consequence of & contneeus butldingup
procsss wrrested by o rapil expansion and eooling of ihe
primardial maiter. Acearding 1o chis piclure, we must
bmagioe Lbe early stage of macler asa bBighly auwmpressexd
nertran gas  (verheated nentral onuckeae fuid) whch
started dm:.iy;u;; i pruiony and slecersas when the gas
prvssire fell down as the resule of uaiversal epension, The
vadiative capture of the =0l peamalning neutsuas by the
newly farmed protons miest have bed frse ro the formation
of deuterium nuclel, and the subsequent reutron captures
resulted in the building wp of heavier and heavier nocled, It
must be remembered that, dis to che comparatively short
time allowed far this process,! the building up of heavier
nucled must have proceeded just above the upper fringe of
the stable elements [shortlived Fermi elemenis), and the
peesent Trequency distcibution of wacious atomic species
was athiined only somewhar lter as the resulc of adjuse-
ment of (heir clectric charges Ly g-decay,

Thus the observed slope of che abundance coree moist
nat be related ra the remperaiure of e onginal newtron
gas, but rather w the time perod permitoed by the cxpan-
sian process. Alsa, the individual abundaistes of various
niclear apecies wust degend not 2o much ea their intrinsic
stabilities (mass defects) ns on the yalues of Cheir seuteos
eapiiee oross weotions, The equations poserning susch a
huilding-up process apparently can be written in the form:

dm .

d—;-_ru]{«.-_.-:._.-u,n.u im12,0.238, (1)
where #; and &y are the relative numbers and capture cross
sections for the nuecled of atemic weight 4, and where ff) is a
factor characterizing the decrease of the density with time.

We nzay remark st lirst that the builling-op peocess was
apparently completed when the tempera oo of tse neatron
gas was alill rather high, since clherwise the abserved
abumdapces wealld have heen strongly afected by the
resananees in the region of the slow ventrone, Aomording 1w
Hughes? the neutron capture cnms sections of wvirioos
elements (for neutron energies of abaar 1 Mev) increae
exponentially with atomic number halfway up the periodic
system, remaining approximarely constant for heavier
elernents,

Lising thess cross sections, ooe finds by integeating
Eqs, (1) a2 ebown in Fig, 1 that the relative abundances of
warious nuclear species deorease mapidly for the lighter
elemienls and reosxin approsimately constant for the elss
mentz heavier than zilver. In arder o G the calonlyted
curve with tbe observed sbumbances® it is neessary o
assume thy integral of pedi during the huflding-up pericd is
equial Lo X1 & e o,

CUm the otber hand, according to the relativisdnc cheory of
the: expanding giniverse® the densiny dependence an fine ia
Kiven by g 0P Since the integral of chis uprwdix.lrl
diverges a1 ted, it s neceszary toassume that che building-
ap process began at a certain time &, satisfying the
relation

J7 novsae=s o, in

which gt e ez 20 soc, and pa==2, 50 10F g soc, fom®, This
result may hawe two meanings: (a) for the kighes deasites
exisping peiws oo that time the temperataee af the neaesn
ks was o bigh Lbat oo ageregetion was wkiog o, (0
the density af the unfverse newer eeeeeded the value
23R s Seon® which can possibdy Be widerstosd of we

Fig. 1.
I.ng of refative abuasdanme
Adomic weighs
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The Origin of Chemical Elements

R. A. ALPHER¥*

Applied Physics Laboratory, The Johns Hopkins University,
Stlver Spring, Maryland

AND
H. BETHE
Cornell University, Ithaca, New ¥York
AND
G. Gamow

The George Waskington University, Washingion, D. C.
February 18, 1948



BBN

t, < 10" s - CPV interactions distinguish matter over antimatter, (n_-n)/(n_+n.)~ 107

t, < 10°s - Particle antiparticle pairs annihilate and are produced by photons, n~n-~n

t,>10°s Particle pairs annihilate into y, but T<2m_, n ~n
e Vtne pte

e e +n S ptv,

« NS pte+v,

* eteoyty

~

, > 1s —Annihilation stops as all antiparticles have annihilated
Weak interaction cannot maintain equilibrium between all particles; neutrons decouple
n/ np~1/6
n=>p+e+v,
ptn=>D+y

Today — Tiny surplus of particles that remained makes galaxies, stars, and humans



Big Bang nucleosynthesis

Mass Fraction
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" 1 i L M | 1 p 3

4
b
X
uul

'H

(n.y] (n.y)

FIGURE 4. The reaction network of standard big bang nucleosynthesis. Unstable nuclear species are marked by
dashed boxes. When all reactions are stopped, the unstable 'Be decays to 'Li and H decays to "He.
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Mass Fraction

Big Bang nucleosynthesis

Minutes: 1/60 1 5 15 60
! 4 1 "
10 p

IJ..... .
10

Temperature (10[J K)

After temperature drop to about 1 MeV (1s), ?H, °*H
and 3He abundance increases

BBN functions during 1s to 3 minutes after BB

*He is stable — very high binding energy (~28 MeV)
Ladder-wise creation of would follow ...

There are no stable elements with N=5,8

« Cannot proceed to higher N

'H

AVERAGE BINDING ENERGY per NUCLEON

(et.7)

‘H (n.v] nel

; » *Ie

H (cp)
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(oe.)

FIGURE 4. The reaction network of standard big bang nucleosynthesis. Unstable nuclear species are marked by
; . 7 s 3 3
dashed boxes. When all reactions are stopped, the unstable 'Be decays to 'Li and "H decays to "He.
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Elemental abundances in the solar system

Mass percentages for light elements, n=6.1E-10

/\ Hydrogen
Helium-4
_ i Free neutrons :
10° 10% 10* 10°
Time [s]
Element | Mass percentage | Particles per hydrogen
H 75.2 1
n 0 0
d 3.90E-03 2.58E-05
t 0 0
‘He 2.40E-03 1.4E-05
He 24.8 0.0825
SLi 5.06E-12 1.12E-14
Li 1.50E-08 2.85E-11
*Li 740E-13 1.23E-15
"Be 2.21E-07 4.20E-10

Mass fraction
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1074
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]0—[0

10—[2
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Stellar nucleosynthesis

‘The Potential Energy of a Positively Charged
Particle as it Approaches a Nudeus.

REVIEWS OF
MODERN PHYSICS =

Vorume 29, Numeer 4 QOcroser, 1957

Meutron
® —_—
Chz.rged . — @
Synthesis of the Elements in Stars” partide 4

Mudeus,.A4
E. Marcarer Bursinge, G. R. Bursmce, Wittiam A. FowiLer, anp F. HoyLe

Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washinglon,
California Institute of Technology, Pasedena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act 1, Scene 2)
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process conditions timescale site
S-process T~0.1 GK 102 yr Massive stars (weak)

(n-capture, ...

) 1.~ 1-1000 yr, n ~107¢/cm?

and 10%%yrs

Low mass AGB stars (main)

r-process T~1-2 GK ~1s Core collapse Supernovae
(n-capture, ...) T,~ Us, n_.~10%* /cm? Neutron Star Mergers?
p-process T~2-3 GK ~1s Core collapse Supernovae
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Graph of isotope stability

AN

(Number of Neutrons) | [ stable
ﬁ E 1014 yr
f. 160 ._I:" = 10" yr
o _*_5 1010 yr
- 140 fal
i i 103 yr
126 10° yr
120 r
: 10% yr
100 AL 100 yr
. 1l yr
21 - : ? Z=N 100 s
! 80
Type of 104 s
Decay '
: 60 100 s
| mpt T
50 Lo C mR- $
: B : ls
Dl e
| | I Fission 40 i 107 s
28 |........ § ; ®Proton 104
§ : mNeutron :
14 | ; . mStable Nuclide 20| T 10 s
! ! Unknown
6
10785
- : : : - N unstable
6 14 28 50 82 7 Z 20 40 60 80 100

(Number of Protons)



126

82

50

28

Graph of isotope stability
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« ZN=2, 8,20, 28, 50, 82,126...
» Higher binding energy per nucleon

* Doubly magic—n&p

* “He, °0, 4°Ca ... 2%%Pb
* Closed shell model, similar to inert

gases

Further splitting  Multiplicity

Quantum energy from spin-orhit of states
states of potential effect i
well including ]

angular momentum J g T 8
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Closed shells
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S, I processes
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The great matter cycle

. Main sequence Total stellar
Initial mass (M_,) d

sun lifetime (Myr) lifetime (Myr)

PLANETARY
SYSTEMS

5 78 102

2 8.7 x10? 1.2 X 103
1 9.2 X 103 1.2 X 10%
0.8 2.0 X 10+ 3.2 X105

Age of the galaxy =1.2 x 10" years;
Universe =1.37 x 10 years

Ultra low mass stars
— Initial masses from 0.08 to 0.8 M

Low-mass stars:
— Initial masses from 0.8 to ~ 2.25 MSun

Intermediate-mass stars:

< )
m — Initial masses from ~2.25 to 8M_
WHITE DWARFS Large stars

NEUTRON STARS

BLACK HOLES — Initial masses above 8M,
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Protostar nebulae

Rotation axis

Rotation axis
1

Proto-star is heated by a gravitational compression
. Stars below 0.08 M, not form

- Core temp does not reach required for fusion.
— (brown dwarfs may burn deuterium)
(M ~1/1000 M)

 How can we observe proto-stars obscured by dust?
- Infrared observations

Jupiter
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“Starless” Core L1014

NASA / JPL-Caltech / N. Evans [Univ. of Texas at Austin)
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Spitzer Space Telescope ¢ IRAC *» MIPS
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Visible: DSS
ssc2004-20a



Stellar Wind

. - .

Edge-On Protoplanetary Disk HST - WFPC2

Orion Nebula

PRC95-45¢ - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O'Dell (Rice University), NASA

Protoplanetary Disks HST - WFPC2
Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA







Herbig-Haro objects

Herbig-Haro object

Polar jet

Accretion disk

A e

: | HH30 || — HH34

-

Jets from Young Stars HST WFP02
PRC95-24a - ST Scl OPO - June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA



HH 151, a bright jet of glowing material trailed by an intricate, orange-hued plume of
gas and dust. It is located some 460 light-years away in the constellation of Taurus ,

near to the young, tumultuous star HL Tau. HH 34 Hubble Space Telescope
| et
1994 B e I
e | |
1998 - S B
| | | |
2003 e B

| | | |
2007 . . s g B






The birth of stars

 Low-mass protostars become stars slowly

Weaker gravity causes them to contract slowly,
so they heat up gradually

Weaker gravity requires low-mass stars to
compress their cores more to get hot enough
for fusion

Low-mass stars have higher density!

« High-mass protostars become stars quickly

They contract quickly due to stronger gravity

Core becomes hot enough for fusion at a lower
density

High-mass stars are less dense!

Initial stellar mass

Overview

in Solar masses

05

0.08

Black holes
SUPERNOVA

Neutron stars

Carbon / oxygen

Main sequence

hydrogen buming white dwarfs
oo\ N
=]
S C
=8 Helium white
° S dwarfs

Brown dwarfs

Time /yr

107 108 10° 1070 10"

Deuterium burning allows stars with M > 2-3 M_ in the pre-main-sequence phase

- hydrogen burning would occur while the object was still accreting matter

- deuterium burning acts as a thermostat that stops the central temperature rising above 1 MK

- after energy transport switches from convective to radiative, forming a radiative barrier around a
deuterium exhausted core, central deuterium burning stops

- then central temperature of the protostar can increase



Hertzsprung - Russell Diagram

* For every massive star, there are

= SUPERGIANTS ~ 1000 intermediate mass stars

= _ SR TN and 10000 low mass stars
2 s %, * About 60% of stars are born in
J Main Hg Shas binary systems |
1102 — Sequence | i, ¥ GlanTs * A small fraction are born in
> et ‘3":4':' " triple and quadruple systems
= 1 — : ::hq" .
m
g 7
% . WHITE DWAlR.FS :‘.l:'.: ‘
3 by Wi,
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TEMPERATURE, TK

1000 Prominent Spectral Lines Surface Temp. (K)

n lonized helium, hydrogen > 25,000 K
0000 n Neutral helium, hydrogen 11,000 - 25,000 K

i 0000 A White Hydrogen, ionized sodium and 7,500 - 11,000 K
. calcium
i 00 White Hydrogen, ionized and neutral 6,000 - 7,500 K
\ sodium and calcium

000 Yellow Neutral sodium and calcium, 5,000 — 6,000 K
ionized calcium, iron, magnesium

00C Neutral calcium, iron, magnesium | 3,500 — 5,000 K
| 00 M Neutral iron, magnesium, and < 3,500 K
! neutral titanium oxide




Main sequence

« Stars enter the main-sequence phase when the fusion of H to He begins

« Listin order from lowest to highest temp requirement: Triple alpha, CNO, proton-
proton fusion

_ P-P ~ 5 million Kelvin (H->He)
- CNO ~ 20 million Kelvin (H->He)
- Triple alpha ~ 100 million Kelvin (He->C)

« Why are main sequence stars so stable?
- Compression -> T -> fusion [I-> P [1-> expansion
- Expansion -> T -> fusiond-> P [-> compression

Eulerian coordinates (r.t) Lagrangian coordinates (m.t)
dm 5 dr |
-=4arp - = P
dr dm  4xr=p
e/ Gmp aP Gm

dr r dam  4mt



Energy Generation Rate (erg/g/sec)

pp and CNO cycles

. 3
Density=100 gr/lcm” Z=Z_
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~ 0,015%

Solar Elemental Abundances

. (P:Y) . (p.ct) . (P.Y) oo
I‘ F ’1
Element Number % Mass %
B+ l (p 'Y) B"' B"‘ Hydrogen 92.0 73.4
L : | Helium 7.8 25.0
/ 13N\ . ;’/150\\; :”1‘7 F‘ Carbon 0.02 0.20
Nitrogen 0.008 0.09
CNOIJ CNOIl CNOII Oxygen 0.06 0.8
(p! ,Y) B"’ (p: Y) ‘ Neonl 0.01 0.16
(p: Y) Magnesium 0.003 0.06
@ (@—» Silicon 0.004 0.09
(p,OL) (p’ Y) Sulfur 0.002 0.05
(D, ) - (p. o) Iron 0.003 0.14




Triple-alpha

CNO Cycle

He

ad

EBE fe“
AN f . __.
\& — & vé-

The Triple Alpha Process

(Helium Fusion) (gamma photon)

i

g’ ;HE J m ;j; |
| r@/ reaction . /
PP Chain e (alpha particie) ;Heq:'o % ;HE
Sun
log T 4
[ ) ~
e(pp) ~ T

Nuclear | Process | Ty .cnoiq | Products Energy per nucleon ° g(CNO) ~ T17

Fuel 108K (MeV) ] 40

H PP |~4 He 6.55 * g(triple a) ~ T

H CNO |15 He, N 6.25 e

He 30 100 C,0 0.61 5. [T N e e

C C+C | 600 O,Ne,NaMg | 0.54 2R it e e e

: '%* i 26 hi:ﬁimﬂ'i E::iggrr by nuclaar

® O+0 |1000 |Mg,SPSi ~0.3 25 4ff viarom bidngenery.

Si Nuc eq. | 3000 | Co,Fe,Ni <0.18 58 o e :
:_ur fission fragments. 235 !
ilsabamﬁ&. Ui

T I5:CII T I1l.'.|!Il:ll IIII ‘IEIC]I T IEII}‘QI -

Mass Number, A



Energy transport in stars

Energy is transported by these mechanisms:
* Radiation - photons carry energy away
from the star's center OO
« Convection - cells of hot gas move up, Q
cells of cool gas move down (boil) OO O Q
« Conduction - collisions between electrons O
can move energy outwards, relevant in OOQ
degenerate matter M <05
* Neutrino radiation — advanced burning ' 05-15
stages, supernovae ' ’

$;

M>15

* Convection takes over once radiation becomes inefficient.
» Radiation becomes noneffective when there is a large temperature gradient. (~T4, ~T", ~T40)

 Efficiency of the radiative transport also depends on the opacity

AT~100K v ~ few km/s



Luminosity (solar)

Red Giant Branch

100,000 ! e .

. Star ejects outer layers.

100

10

11.11001 billion years

Exposed core of star
cools and dims

0.1

——
. N

. 11.11 billion years.™]

..~ J Fusing helium and

-

£ 10 billion years

hydrogen in shells.

_ 11 billion yaars
A ' Ha| ium in core ignites:

;}1 helium flash.

e" Fusing hydr-::ugen in
shell around core.

Sun now-4.5 billion years

. Fusmg hydrogen

«in ils cora

0.01 ! 7/ .1
I
100,000 20,000 10,000 5000 3000
Temperature (K]

Expanded, cool,
hydrogen-rich
outer envelope

H in core has become depleted
H shell burns

As the core continues to shrink, the outer
layers of the star expand and cool

It is now a red giant, extending out as far as the
orbit of Mercury

Despite its cooler temperature, its luminosity
increases enormously due to its larger size

First dredge-up occurs: The convection in the
envelope moves in when the stars is near the
bottom of the RGB and "dredges up" material
that has been through partial hydrogen burning
by the CNO cycle and pp chains.



Luminosity (solar)

Helium flash and horizontal branch

« Low-mass stars (0.8 ~2.2 M, ) have He
degenerate core

4-Red supergiani

. Star ejects outer layers.

10,000 - — . 11.11 billion years.™]
b N .+« «.7 ] Fusing helium and . 6 3
™o B s : 4o e L hydrogen in shells. ¢ Density 10° gcm
1000 3 : . 5 . ’ “. = . L r'. y = . . .
.- ST 7 s | bilon yeor « AsM_, increases, it shrinks
B '.‘ ., % 7] Helium in core ignites:
jloc ) b 1144 billion yeorSuge?™ - /- helium flosh. 4+ Increase in Tl=increase in p, degeneracy
- % _Eusing helium'in caph: 3"/ » .
SO et 2-Red giant pressure is not dependenton T
10 ‘."‘"::: N ..-|_'-'_' 1 . Fusing hydrogen in _
S . shell around core.

11.11001 billion years « He fusion commences at 10°K

10 billion years

1= . -
Exposed core of star S Sun now-4.5 billion vear . . : :
cools ond dims M hycrogen « Helium begins to fuse extremely rapidly (triple
0.1} TSR ifs core - alpha ~ T%)
.‘\ .
- . T : , ,, « Hfusion in shell is extinguished by this source
EE—— of energy, it takes O(10°) years to reignite
100,000 20,000 10,000 5000 3000 i .
s I * High Z stars occupy region known as red
clump

* Low Z live in the horizontal branch



Luminosity (solar)

Asymptotic Giant

100,000 ! e .

Ejecied gases . Star ejects outer layers.
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%/ Helium in core ignites:
% helium Hash.

2-Red giont

Fusing hydrogen in
shell around core.
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%, .
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Final nuclear burning phase for all stars with masses 0.8to 8 M___

After core He-burning, the C-O core contracts and star becomes a

giant again

Lasts less than 1% of the main-sequence lifetime
Helium begins to fuse extremely rapidly (triple alpha ~ T4°)
At the end — pulsations as the He and H burning shells get close

together, mixing

Strong stellar winds blow away outer shells (pulsations, dust)

The core left becomes white dwarf

/ TP-AGB Star

Convective Envelope

Main
Sequence
Sun

He-rich
Intershell
N



Masses above 2.2 M,

o0 6000 « Core non-degenerate, no helium flash

— oMo loxe 7AW !
SUPERGIANTS ()  Develop a CO core, in AGB phase shet their
) envelopes

« IFM>8M, carbon burning

White dwarf + nebula result
« IFM>~11M, uptoFe

3
2
g
-
g
F]
<

RGB -
HB -

/TP-AGB Star

Convective Envelope

Main
Sequence
Sun

H-burning
Shell \_ /
W

He-rich

\ \
Intershell /Shell
N 1y )
™ / { \

X

C/O Core
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TP-AGB

H-burning shell

0.68
3
=
o
<C
z RS
()
c 0674 He —
He-burning shell O ol c
unstable - burns in flashes O intershell
(thin shell instability) o
W
0]
{ .
Pulse = ) He - burning
driven 4
convective ' C-O - core
zone Aty SN AN 2 Y
200 35000 200 35000
TIME (a)

H burning produces ashes in the intershell

When enough He is accumulated in the intershell, He Shell Explosively fuses
This thermonuclear runaway drives formation of a convective zone

Expansion powered by convection kills H burning layer

Accumulation of CO elements, protons mixed downward from convective envelope
Regions heat during interpulse, creating *C pocket (?C(p,y)"*N(B+v)™C)

This carbon isotope waits until next pulse... 3C(a,n)™O

Intense neutron flux ~107 cm

This pocket is strongly enriched in newly created elements



The s-process

13 4 16
2C + SHe = g0 +on
22 4 25
1oNe + ;He = j5mg + N

Neutron captures are not hindered
by coulomb repulsion

k

15 15 25 35 45 55 65 75 BS 95 105 115 125 135 145 188
T ok T T T T T T

[T T T I gL T T

- Estimated
® Measured

1,000

N = 126
1 1 1 1 i 1 1 1 il I 1 Il 1 1 .
56 70 B0 90 100 110 120 130 140 150 160 170 180 180 200 208

Atomic weight A

AZ

Sb
Sn

In

Cd

Ag

dN 4
dt

A

Y Sb

.

-
*

= Sn

N

*e

uclear reactions

beta decay (B-)

L)
*

-~ neutron capture

* Neutron captures increase the mass number through (n,y) reactions
* Time scale for n capture << Beta decay times

* The products will beta-decay until a stable (or long-lived) isotope is reached

» Nuclei with magic number of neutrons stable against neutron capture, act as bottlenecks
* The process thus terminates in 2°°Bi, the heaviest "stable" element.

=— < ov g n,(t)Nalt)+ < ov >0 np(t) N1 (1)



l. H 1 1
10 |- HBBN

= © p a—nuclei

r = Fe—peak r—process peaks SNIT ?
© LD CLS - ‘i a SNIa ER
u 5| He . ﬂ .‘. s—process peaks
(V3] BBN B % ~< N
) !! i
3 - n u .-. B \
- Fole T
?); - = .i.
.y n ‘ ¢
q " u E

=

z, 0— n 3
3 - LiBeB "pi 'EihD

i -, = .

- =] | U

i = " pmmul _B

_c | Beyond Fe-peak: neutron captures
o e b e e Lo

0 100 150 200
Anders & Grevesse 1989  Nucleon Number A '

Cameron 1982



The progenitor of a Type la supernova Start off with a binary system

 One star comes to end of its

h . J’ )
* @
O )

...which spills gas onto the
The more massive secondary star, causing it to

star becomes a giant...

Two normal stars
are in a binary pair.

o -

The common envelope is
ejected, while the separation
between the core and the
secondary star decreases.

The secondary, lighter star
and the core of the giant
star spiral toward within

a common envelope.

The remaining core of
the giant collapses and
becomes a white dwarf.

The aging companion
star starts swelling, spilling
gas onto the white dwarf.

...causing the companion

critical mass and explodes... star to be ejected away.

expand and become engulfed.

life — forms a “white dwarf’
(made of helium, or
carbon/oxygen)

If close enough, tidal forces
of the white dwarf pull
matter off the other star...
adds to mass of white dwarf
(accretion)

If accretion pushes white
dwarf over the
Chandrasekhar Mass Limit
(1.4 M,), it starts to collapse

Rapid compression initiates
thermonuclear runaway...
burn whole mass of white
dwarf to iron/nickel in few
seconds

Liberated energy blows the
star apart... no remnant.




Supergiant stage of heavy stars

LocM3*4 FuelcM = Lifetimex1/M3(M/M?)

Massive stars live fast, die young

Higher T = CNO Cycle on MS

No core degeneracy (higher T=higher P) means no
helium flash

Higher T==more nuclear burning stages (it is the high
mass stars that make the elements heavier than C,N,O
and even most of the C,N,O that goes into the ISM.
Star goes through stages of H core burning, H shell
burning and He core fusion as medium mass star
Then it continues with further stages up to Iron

Nuclear | Process | Ty, ..noq | Products Energy per nucleon

108K (MeV)

PP ~4 He 6.55

CNO 15 He, N 6.25

3a 100 C,0 0.61

C+C 600 O,Ne,Na,Mg 0.54

0+0 1000 Mg,S,P,Si ~0.3

Nuc eq. | 3000 Co,Fe,Ni <0.18

Effective Temperature, K
=10+
-8
-6
-+~ 10Mo
star
-2
3
0
5
g "
6—
o R RGB - Red Giant Branch
Y HB -Horizontal Branch '
. AGB - Asymptotic Giant Branch
12 N
" Colour Index (B-V)
05 0.0 +03 +0.6
T [ T i 1
05 B0 A0 [c]
Spectral Class

nonburning hydrogen
\ hydrogen fusion

|
\ | helium fusion
1
inert '-I | carbon fusion

ironcore\ \ | [
\ \ |

\

oxygen fusion

I 11|

f || |
[ ]
/ || neon fusion

| magnesium fusion

gilicon fusion



Massive star fate
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Released energy

Energetics of supernovae

Supernova Approximate tc::tal energy Ejected Ni Neutrino energy Kinetic energy Electromagnetic radiation
(foe) (solar masses) (foe) (foe) (foe)

Type Iat2711981(99] 1.5 0.4-0.8 0.1 1.3-14 ~0.01

Core collapsel 10011011 100 (0.01) - 1 100 1 0.001 - 0.01

Hypernova 100 ~1 100 1 ~0.1

Pair instability[?ﬂ 5-100 0.5 -50 low? 1-100 0.01-0.1

« 1 foe = 107(fifty-one) ergs (~ 10* J)
« Sun will produce 1.2 foe over its lifetime

SNe per century
per 10" M,

SNuM

E/SO S0a/b Sbe,/d Irr

Energy density of the core is equivalent

to 1MT TNT per cubic micron

* 99% of energy released is in the form
of neutrinos

 ~1% is in the KE of the exploding matter

 ~0.01% is in light — and that’s enough to

make it as bright as an entire galaxy.

Upper bound on supernovae in Milky Way
13 supernovae per century 90% CL.



Pressure is dominated by degenerate electrons

Si burning at core surface increases Fe-core

mass
Chandrasekhar mass limit

Collapse starts: gravitational energy is
transformed into internal energy: E ~ 10% erg

Most of the internal energy escapes in form of
neutrinos

. ~10,, g/cm* neutrinos are trapped




Initial Phase of Collapse
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Shock Stagnation and v Heating,

R[km]‘ j /
/ Explosion (t~ 0.2s)
L/

Rs ~ 200 —
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R [km] A Neutrino Cooling and Neutrino-
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The r-process

* Occurs in core collapse supernovae
 Responsible for about half elements with Z > 26
* Neutron density up to 10°°*ncm-

1.00
|
0.50 T proton
Ga capture
ar
0.00 v » neutron
v capture
-0.50 | Ge _
w [ decay
o \
[ ]
= -1.00 \ B" decay
_180 | Tb D stable
Tm
& SkllarDah Lu I:\ unstable
—200 H —— 55 ~Pmooess Abundances U 1
L
_2E0 I 1 ] ] 1 1
30 40 &0 70 4] a0

BO
Atomic Number

Fig. 1.2, Comparison of the observed n-capture abundances in C5 2289252 from
Sneden et al {2003) and the solar system r-process abundance earve. Upper limits
indicated by inverted triangles.

r-process
rapid neutron captures

X(n,y)Y

Z > >
L.
> r -
N —
synthesis of neutron-rich nucle1
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log ( abundance )

S,r-processes

-10

-12

«BigB

I I I

" Lodders 2003 |

s-process: slow neutron capture

r-process: rapid neutron capture

ang: H, He
iron peak |
T\ 6 r-process s-process |
[| %,
2 .
f}%
neutron capture ]
20 40 60 80 100 120 140 160 180 200 220
mass number (A)

ELEMENTAL ABUNDANCE

Solar system abundaces produced by r ans s
processes. Abundance peaks are caused by
minimal n-capture rates at magic

numbers( corresponding to full neutron shells).

Because the r-process carries nuclei farther
from the valley of stability than does the s-
process, it en-counters each closed shell at
slightly lower mass number.

Hence the r-process peaks are offset to lower
A. The two processes really have contributed
about equally to the solar system’s inventory
of heavy elements. (Adapted from ref.
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