Thebasic evolutionary stepsin stellar evolution:
«Star formation from a collapsing interstellar cloud
*Energy generation via nuclear reactions

*The cessation of the nuclear reaction and the decay
towardsthefinal state

*Thepossiblefinal statesare:

*A White Dwarf, a Neutron Star and a Black Hole
*For M<Mch — aWhite Dwarf

*For M>MBH = aBlack Holes

*For MBH>M>Mch —» aNeutron Star

The birth of stars

All observational data shows that stars are formed in
interstellar clouds.

Interstellar clouds are giant clouds in the galaxy. The
clouds contains thousands of solar masses of gas (H, He
and metals)

Very young stars are always close, or even inside,
interstellar clouds.

The basic idea: an instability in the
cloud leads to a collapse of the cloud
and eventual formation of a star.




The idea behind the Jean’s mass:
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The perturbation equation:
The unperturbed medium is infinite & uniform
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This is the sound propagation eq. But with a
source
Assume a solution of the form:

p1 = Aexp(k X - imt)
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This is the dispersion relation of sound waves
in a gravitational field
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We perturb an infinite gas
The perturbation can be
adiabatic or isothermal (or a mixture of these two extremes)
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The total mass of the M = icf R3dr

perturbation is:

The gas pressure depends only on the gas properties.

The pressure drop (the acting force, the pressure
difference) depends on the dimension R. Gravity increases
with R For sufficiently large R Gravity wins.

There exists Rcrit so that for all R>Rcrit gravity wins

All clouds with masses greater than Mjeans collapse

A simple estimate of the Jeans mass

the pressure difference (P acts per unit area 3
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The critical dimension is obtained by the equation:
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The typical time scale is:
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This is the typical time scales for changes in the self-
gravitating object




Typical times:
Thesn T =l4gmicc t=1.6" 10°sec
Neutron star T" = 10159m/ cct=6"10 5SeC
Interstellar cloud N =1p/cc» 1.7 10 24gm/ cc
tojoug » 1.5” 10P°sec=4.7" 107 yr
In astar Rstar =R Jeans
For an interstellar cloud at T=10K

Reans=Cst =3 10%cm/secs 107 yr
=4.3 101%cm=45lyr

4p L3
M Jeans = 3 R Jeans’
=32 10®°gm=160M g,

The Jeans mass in the interstellar medium
is too high to form a star like the Sun

The large cloud must fragment during the
collapse to smaller clouds

The fragmentation process may cause
double stars, triplets etc.




Typical conditions in the interstellar clouds
are:

Density ~ few to hundreds particles/cc
Temperature ~ 10-100K
Size ~ few thousands of solar masses

Hence the radiation from the interstellar
cloud should be in the Far Infra-red

The clouds are strong emitters in IR
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The collapsing cloud is first transparent
and then becomes opaque. At this moment

it is a new star.

The new star is very large and relatively cool,
hence it shines, looses energy and contracts.
The new star is an ideal gas, hence it heats
upon contraction.

The contraction continues till nuclear reactions
are ignited and supply the energy lost by the

star from its surface




In the nuclear reactions
H is fused into He

He fuses into C12

C12 fuses into Mg2*

How far can it go?

The total pot el

Nuclear potential




The stages of the nuclear reactions in stars

Hydrogen burning

(a) Hydrogen is the most abundant specie in the cosmos
~ 0.7 by mass

(b) The smallest Coulomb barrier

Because of (b) at each step only the isotope with the smallest
Z (atomic number) will react

The temperature in the star determines which reaction
‘goes’. Always the ‘easiest’ reaction is the first to go/

The natural way to continue is He* + He* 1E=) Be?

But Beryllium 8 does not exist in Nature!

This problem was a major problem in nuclear
Astrophysics in the early 50's and today in
Big Bang nucleosynthesis

Helium reactions Energy

2He? — Be + Y - 95kev

Be® is unstable and decays
after 107" sec.

When T ~ 108K a particles from
the tail of the MB distribution
have sufficient energy to reach the
unstable ground state of Bed
(Salpeter)

He*+He* <= Be® +y + Q  [Equilibrium

A small amount of Be®!




Once Be® exists (even for a short time) we get:
Be + He == C12* -286keV

3

The free particle reaches 9.64MeV

the Carbon in an excited G| ot

state. The decay back of 7.366MeV 7.644MeV
the state is back to the

incoming channel and little Be? + He¢ 2 4.433MeV

to a lower state and down
to the ground state of
Carbon. ot

C12
This is the Nobel prize in astrophysics:

Salpeter

The Carbon-Carbon Reaction
cl2,cl2p (Mgz“)*
(m g24)* b Na2+p +2.24MeV
b Ne® +He* + 4.616MeV
b Mg? +g+13.93MeV

b Mg?3+n- 2.605MeV
b O +2He*- 0.114MeV

Because of the need to penetrate a greater and
greater barrier every time a given nuclear fuel is
depleted, the star resumes it contraction (because it
is hot and losses energy from the surface).

As the star contracts, its temperature rises.
The radiation field is in equilibrium with the matter.

As the temperature rises, the mean energy of the
photons increases.

When hv = KT~Enuclear-bind

the y has sufficient energy to
break the nuclei.

For sufficiently high temperatures molecules
disintegrate

At still higher T, the individual atoms lose their electrons
At T~ Enuclear-bind/k the nuclei disintegrate
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The o capture process

C12 + Het Ol + 7.162MeV
= v ( )
016 + Het Ne? + y (4.73MeV)
Ne? + He* Mg? +y (9.317MeV)
=)

At high temperature the photons start to disintegrate the
matter and particles are chipped off the nuclei.

These particles are absorbed by the remaining nuclei.

The o capture continues till Fe*
Summary of nuclear history:
¥ AtT~10°K: H E=) He. Energy released: 6.1x10%erg/gm

% AtT~108K: He =) C!2 the 3a reaction. Energy released
9x10%erg/gm

¥ At T-6x10°K: Carbon m==) Magnesium.

% AtT~10°%K: The radiation starts to disintegrate the nuclei
a capture process starts.

% At T~4x10°K: most of the matter becomes Fe5.

¥ At T~5x10°K: The radiation field disintegrates the Fe into

o particles and neutrons.

There is no more nuclear fuel: Radiation
destroys matter

The structure of the star before
photon disintegration starts
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The binding energy of Fe5* is about 8Mev per nucleon.
The photons must invest energy to break the Fe nucleus
The energy is taken from the gas

But:

_ energy
volume

So the energy reduces the pressure of the gas.

The star losses it support against gravitation and
collapses. This collapse lead to supernova - an explosion
of the star which releases about 10% ergs.

A galaxy emits 10%5ergs/sec, so a SN can supply the entire
galaxy luminosity for 108 sec, or about 3 years

12



Cirier: Saparaems

How the structure of the star react to the nuclear reactions?

In the conversion of H into He the star losses 4 protons and gains
one He nucleon.

The pressure of an ideal gas depends on the internal energy
which is 3/2KT per particle.

As H converts into He, the number of particle decreases and so
does the pressure.

The pressure in the core decreases and the weight of the outer
layers presses the core to higher densities and temperatures.

As the core contracts, the outer layers expand.

The star becomes a Red Giant: very dense core and very
extended envelope.
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Typical density distributions in a MS star and a RG

RRed Giant = 1000 Rg

In the figure the radii are normalized
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A typical path of a star in the HR diagram
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after formation
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The saga of stars

As the star contracts, it heats and losses energy from the surface
Gravitational energy gives very short lifetime.

Nuclear energy releases energy via fusion - building more and
more massive nuclei

Whenever a fuel is depleted gravity wins and contraction
resumes

This process continues until we reach the bottom of the binding
energy per nucleon (Fe). This occurs when T is so high that the
y’s disintegrate the nuclei. As a consequence the gas losses its
pressure and the star collapse.

The nuclei disintegrate back into H, n and He!
All the stellar nuclear evolution is reversed.
The nuclear reactions halt the eventual collapse

but do not prevent it.

Gravi%l@s wins

(in mﬁ@ars}
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