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The Standard Model of Particles and Interactions



  

Mesons, interquark potentials

qq

O(GeV)



  

Nuclear forces, fusion

Nucleon-nucleon 
potential

● Strong force > elmag at 
small distances
● Charge independence

● Bound nucleons are stable

O(MeV)

O(10 keV)

Coulomb force gains 
relative strength

● Gamow peak
● Most reactions occur here



  

The Standard Model of Particles and Interactions

Troubles:
1. Gravitation
2. Dark matter / Dark Energy
3. Neutrino masses
4. Matter/antimatter symmetry



  



  

The Big Bang 

QGP epoch
ends  10-6s

First stars ~108 yr

Photon epoch 
ends  ~380k yr



  

BBN according to the SM

● t
U
 < 10-6 s

● Particle antiparticle pairs annihilate and are produced by photons, n
p
=n

p
~ n

g

● t
U
 >10-6 s

● Particle pairs annihilate into photons, but the universe is too cold to produce them  
(T < 2m

p
)

● 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
●

● Sphalerons convert leptons to baryons, conserving B-L

– C and CP violation – antimatter behaves differently than matter
● C is violated by EW
● CPV is too small in SM (if CKM is the only source, must occur during EW 

phase)

– Out of equilibrium B-violating processes
● Phase transitions
● Decay of non-SM heavy particles

●  4th Generation of quarks?

nB− n̄B
nγ

= 6.1∓0.3×10−10



  



  

BBN

νe+n⇔ p+e-

e++n⇔ p+ ν̄e
n⇔ p+e-+ν̄e
e++e-⇔γ+γ

p+n→D+γ

● t
U
 < 10-11 s - CPV interactions distinguish matter over antimatter, (n

p
-n

p
)/(n

p
+n

p
)~ 10-7

● t
U
 < 10-6 s - Particle antiparticle pairs annihilate and are produced by photons, n

p
» n

p
~ ng

● t
U
 > 10-6 s  Particle pairs annihilate into g, but  T < 2 m

p
, n

n
» n

p
 

●

●

●

●

● t
U
 > 1 s – Annihilation stops as all antiparticles have annihilated

● Weak interaction cannot maintain equilibrium between all  particles; neutrons decouple
● n

n
/ n

p 
~1/6

●

●

● ….

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

n→ p+e-+ ν̄e



  

Big Bang nucleosynthesis

● p+ and n0 soup
●

2H in equilibrium (photodisintegration, E
B
 ~ 2.2 MeV),

● 2H bottleneck - any deuterium that was created was 
destroyed

● E
B
 for 3He ~ 7.72 MeV,  3H ~ 8.48 MeV

1eV = 11605 K
1010eV @ 1 MeV



  

Big Bang nucleosynthesis

● After temperature drop to about 1 MeV (1s),  2H, 3H 
and 3He abundance increases

● BBN functions during 1s to 3 minutes after BB
● 4He 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

EC, l=53.2d



  

Elemental abundances in the solar system



  

Stellar nucleosynthesis



  

process conditions timescale site

s-process
(n-capture, ...)

T~ 0.1 GK
τn~ 1-1000 yr, nn~107-8/cm3

102 yr
and 105-6 yrs

Massive stars (weak)
Low mass AGB stars (main)

r-process
(n-capture, ...)

T~1-2 GK
τn ~ µs, nn~1024 /cm3

~ 1s Core collapse Supernovae
Neutron Star Mergers?

p-process
((γ,n), ...)

T~2-3 GK ~ 1s Core collapse Supernovae

s, r, p processes



  

Graph of isotope stability



  

Graph of isotope stability

● Z,N = 2, 8, 20, 28, 50, 82,126...
● Higher binding energy per nucleon
● Doubly magic – n & p

● 4He, 16O, 40Ca … 208Pb
● Closed shell model, similar to inert 

gases



  

s, r processes

process conditions timescale site

s-process
(n-capture, ...)

T~ 0.1 GK
τn~ 1-1000 yr, nn~107-8/cm3

102 yr
and 105-6 yrs

Massive stars (weak)
Low mass AGB stars (main)

r-process
(n-capture, ...)

T~1-2 GK
τn ~ µs, nn~1024 /cm3

~ 1s Core collapse Supernovae



  

Age of the galaxy ≈1.2 x 1010 years; 
Universe ≈1.37 x 1010 years

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

Sun

Low-mass stars:
– Initial masses from 0.8 to ~ 2.25 M

Sun

Intermediate-mass stars:
– Initial masses from ~2.25 to 8M

Sun

Large stars
– Initial masses above 8M

Sun

The great matter cycle



  



  

Bok 
globules



  

Protostar nebulae

● Proto-star is heated by a gravitational compression
● Stars below 0.08 M

Sun
 not form

– Core temp does not reach required for fusion. 
– (brown dwarfs may burn deuterium)
– (M

Jupiter
 ~ 1/1000 M

Sun
)

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



  



  



  



  

Herbig-Haro objects



  

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.



  



  

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!

● Deuterium burning allows stars with M > 2-3 M
s
 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 
~ 1000 intermediate mass stars 
and 10000 low mass stars

● About 60% of stars are born in 
binary systems
● A small fraction are born in 

triple and quadruple systems



  

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

● List in 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 ⇑ -> P ⇑ -> expansion
– Expansion -> T⇓ -> fusion⇓ -> P ⇓ -> compression

Main sequence



  

pp and CNO cycles



  

●  ε(pp) ~ T4

●  ε(CNO) ~ T17

●  ε(triple α) ~ T40

Triple-alpha



  

Energy transport in stars

Energy is transported by these mechanisms:
● Radiation - photons carry energy away 

from the star's center
● Convection - cells of hot gas move up, 

cells of cool gas move down (boil)
● Conduction - collisions between electrons 

can move energy outwards, relevant in 
degenerate matter

● Neutrino radiation – advanced burning 
stages, supernovae

● Convection takes over once radiation becomes inefficient. 

● Radiation becomes noneffective when there is a large temperature gradient. (~T4, ~T17, ~T40) 

● Efficiency of the radiative transport also depends on the opacity



  

● 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.

Red Giant Branch



  

● Low-mass stars (0.8 ~ 2.2 M
S
 ) have He 

degenerate core

● Density 106 gcm-3

● As M
core

 increases, it shrinks

● Increase in T!=increase in p, degeneracy 
pressure is not dependent on T

● He fusion commences at 108 K

● Helium begins to fuse extremely rapidly (triple 
alpha ~ T40) 

● H fusion in shell is extinguished by this source 
of energy, it takes O(103) years to reignite

● High Z stars occupy region known as red 
clump

● Low Z live in the horizontal branch

Helium flash and horizontal branch  



  

Asymptotic Giant 

● Final nuclear burning phase for all stars with masses 0.8 to 8 M
sun

● 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 ~ T40) 
● 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



  

Masses above 2.2 M
S

● Core non-degenerate, no helium flash

● Develop a CO core, in AGB phase shet their 
envelopes

● IF M > 8 M
S
,  carbon burning 

● White dwarf + nebula result

● IF M > ~11 M
S
,  up to Fe 



  



  

Pulse 
driven 
convective 
zone

● 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 13C pocket (12C(p,γ)13N(β+ν)13C)
● This carbon isotope waits until next pulse...  13C(α,n)16O
● Intense neutron flux ~107 cm-3

● This pocket is strongly enriched in newly created elements

TP-AGB 



  

Neutron captures are not hindered 
by coulomb repulsion

● Neutron captures increase the mass number through (n,γ) 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 209Bi, the heaviest "stable" element. 

The s-process



  

Anders & Grevesse 1989
Cameron 1982  

SNIIBBN

SNII

SNIa

AGB

SNII ? 

BBN
Weak
A<90

Main
90<A<204

Strong
204<A<210

Beyond Fe-peak: neutron captures

AGB

AGB



  

Start off with a binary system
● One star comes to end of its 

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

S
), 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. 



  

● L M∝ 3-4,Fuel M   Lifetime 1/M∝ ⇒ ∝ 2(M/M3)
● 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

Supergiant stage of heavy stars



  

Massive star fate



  

Released energy

● 1 foe = 10^(fifty-one) ergs  (~ 1044 J)
● Sun will produce 1.2 foe over its lifetime

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

● 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. 



  

● 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 ~ 1053 erg 

● Most of the internal energy escapes in form of 
neutrinos 

● ρ
crit

 ~10
12

 g/cm-3 neutrinos are trapped



  



  



  



  



  



  



  

Sn1987a

● 168 kLy



  

The r-process
● Occurs in core collapse supernovae
● Responsible for about half elements with Z > 26
● Neutron density up to 1030 ncm-3



  

s,r-processes

s-process: slow neutron capture 

r-process: rapid neutron capture 

● 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. 



  


