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Stellar Endingé:



Stellar Endings: How stars die.

A Beginnings: How stars live.

A Life on the main sequence

A Endings: How stars die
A Low mass stars: red giant, planetary nebula and white dwarf
A High mass stars: supergiant, WolRayet, supernova
A Neutron stars
A Black holes
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A White holes and Planck stars
A Quark stars



Neutron star

1&
—

Red Supergiant Supernova Black hole

Main
sequence

40”’/77 ; e |
RN o ® =) —) : s ) .
Sr - . : .
alin B
sequence i

Red Giant Planetary Nebula White dwarf



Star Birth

A Giant clouds of gas and dust

A Gravitational collapse and
heating

AHigh temperature and pressure.

A Stellar fusion begins: a star is
born




STELLAR SIBLINGS

The original gas cloud is enormous!

As it collapses under gravity the
cloud fragments into many separate
regions, with each continuing to
collapse.

A star may be born with each
collapsing region; an open cluster of
stars (right) will eventually form.




Mass Limits for stars

| Upper limit for star mass is aroundp v solar masses (the
Eddington Limit).

Stars with Initial masses greater produce enough radiation
L pressure to overcome gravity.

The star will blow itself apart!

Lower limit: 7@t § 5 . Smaller than thisOa brown dwarf . Not big
enough to sustain H fusion. Shine by deuterium fusion and energy
release by gravitational contraction. Cooling as they age.

No sharp distinction between brown dwarf stars and giant planets.
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H-R Diagram

TheHertzsprung QRussell diagram
(abbreviated as HR diagram, HR diagram or
HRD) is a scatter plot of stars showing the
relationship between the stars' absolute
magnitudes or luminosities and their stellar
classifications or effective temperatures.

An observational HertzsprungRussell diagram with 22,000
stars plotted from the Hipparcos Catalogue and 1,000 from
the Gliese Catalogue of nearby stars.



MAIN SEQUENCE LIF

Main sequence stars shine by releasing
energy through nuclear fusion (known as
Uevaol dbk _rokf kdUEA

Outward pressure: gas (+ radiation).
Inward compression from gravity.

Star remains balanced (hydrostatic
equilibrium) until the core hydrogen runs
out...




Stellar interiors

Energy generation (via fusion)

Sunlike Star '
Blue Giant Star takes place in thecore of the star.

Convective Zone -

ative Zone
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Convection can transport more
hydrogen fuel to the core in very
high and very low mass stars.

Radiative Zog

Red D

_ Core

_ Convective Zone




Life span of a star

Blue Giant Star

The life span of a single star depends oits initial mass.

Blue giant stars have higher rates of hydrogen burning and shorter life spans (10 million years or
less for the most massive). E.g. Rigel, Deneb.

Red dwarfs have theleast material to burn but convection throughout the interior ensures all
available hydrogen is eventually used. Life spans of trillions of years!

Sun-like stars (yellow dwarfs) only have hydrogen available fdourning in their cores. The Sun has
an expected life span of 10 billion years.



Evolution of a
low mass
star




Sunlike stars spend 90% of their lives fusing hydrogen to hel
out the core collapses and heats up. The release of energ
becomes aed giant




Earth: 6,000,000,000 AD



Hydrogen envelope
(no fusion)
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Helium
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Core collapses and temperature increases.

Shell of hydrogen

/ fusion

Hydrogen envelope Helium

(no fusion)

(No fusion)




Helium flash! Temperature and pressure have increased to allow helium fusion.

Shell of hydrogen

/ fusion

Helium
(Fusion begins!)

Hydrogen envelope
(no fusion)




Helium burning in the core produces carbon and oxygen.

Shell of hydrogen
fusion

Hydrogen envelope
(no fusion)




Building heavy elements

A Carbon and oxygen are the direct result
of core fusion.

A Heavier elements form via slow neutron
capture (the s-process).

A A nucleus captures a neutron and, if
unstable, undergoesbeta decay (a
neutron becomes a proton), increasing
Its atomic number by 1.

A The sprocess is responsible for about
half of all elements heavier than iron
enriching the interstellar medium when
AGB stars shed their outer layers.

) Slow neutron capture process (s-process)
0 Occurs In very old stars over millions of years. Elements
are released into the universe at the end of the star's life,

Stable nucleus Unstable nucleus
Neut Elect
°°'°" 100-100,000 years decays In 1-100 years & o
\ Proton / /

“ P
Atomic @ @ @RQDQB‘
nucleus

Neutron Potentially Bdecay e

capture radioactive creates heavier 100-100,000 years
nucleus element :



Core helium fusion ends

Shell of hydrogen

/ fusion

Shell of helium fusion

Hydrogen envelope Carbon-Oxygen
(no fusion)



Earth: 7,000,000,000 AD



Convection dredges up enriched material
from the interior to the surface. When the
surface is enriched with this material they
are known asCarbon Stars.

Carbon monoxide (CO) is formed in the
cool outer layers and excess carbon can
form other carbon compounds.

The carbon rich wind with grains similar to
graphite enrich the interstellar dust in the
Milky Way.



AGBOAsymptotic Giant Branch.
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Instabilities in the helium shell cause
periodic outbursts known asthermal
pulses, which dredge up fusion
«—— 300 milion km ——— products (like carbon and sprocess
elements) to the surface.

He burning H burning
shell shell




Mass loss

The weak gravity at the surface
combined with stellar winds
leads to substantial mass loss
from the star.

It takes about 100,000 years for
mass-loss to strip the outer
layers completely.

R Sculptoris is an AGB star shedding its outer layers through
periodic thermal pulses. Spiral structure thought to be
caused by an unseen companion star. (ALMA).



Preplanetary nebula

At the end of the AGB phase the star consists of
the hot, inert core surrounded by a hydrogen
burning shell which continues to thin.

During this PPN phase the surrounding dust ejecta
IS visible by reflected light.

Temperature is initially low but steadily increases
from about 1,000 to 100,000 K over about a
thousand years.

IRAS 132086020 has a very clear bipolar form, with two very
similar outflows of material in opposite directions and a dusty
ring around the star. It does not shine, but is instead
illuminated by light from the central star. (NASA/HST)



Planetary nebula

A The PPN central object is the core of the old star
with a mass of 0.501.4 0 ¢ .

A Strong, fast stellar winds (up to 3000 km/s).

A Winds catch up and impact the slower wind from
the AGB star and creates shock waves and a
dense shell of material.

A Radiation pressure from the extremely hot,
central object pushes the shell outwardsOlike a
snow plough! It gains mass over time.

A UV radiation from the central star easily ionises
this shell causing it to emit light.

A The PN disperses after about 10,000 years.

NGC 6326, a planetary nebula.



NGC 7293, the Helix Nebula (NASA/ HST) NGC 2392, the Eskimo Nebula (NASA/ ESA)



White dwarf star

White dwarfs are the hot, dense remnants
left after the PN is gone.

A Similar in size to Earth

A Up to 1.4 solar masses (Chandrasekhar
Limit)

A Initially with a temperature around
100,000 K

A Cooling and fading to a black dwarf over
billions of years.

A The universe is not old enough to contain
any black dwarfs at present.




Earth:10,000,000,000 AD



Evolution of a
high mass
star




A When the
expands to [




Wolf -Rayet stars

Redsupergiants are the largest stars in the
universe. They also undergo ferocious mass
loss!

Many redsupergiantslose their hydrogen
envelopes leaving the hotter, bluer layers
beneath exposed. These are known as Woelf
Rayet stars.

Wolf-Rayet stars are the final shortlived phase
of many massive stars.




v & i NGC 6888 (Crescent Nebula) and WR 136

Raw spectrum

Processed spectrum and line identification

WR 136
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Hydrogen envelope
(no fusion)
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Shell of hydrogen

/ fusion

Helium

(No fusion)
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Core contraction, increased temperature and pressure. Helium fusion begins.

Timescale

1 million years

Hydrogen envelope
(no fusion)

Core temperature:

200 milhon K

Shell of hydrogen

/ fusion




Core contraction, increased temperature and pressure. C fusion begins.

Timescale

1 thousand years

Hydrogen envelope
(no fusion)

Core temperature:

600 million K

/ H shell fusion

He shell fusion



Core contraction, increased temperature and pressure. Ne fusion begins.

Timescale

1 year

Hydrogen envelope
(no fusion)

Core temperature:

1.2 billion K

/ H shell fusion

He shell fusion

C shell fusion



Core contraction, increased temperature and pressure. O fusion begins.

: H shell fusion
Timescale /
1 month

He shell fusion

C shell fusion

Hydrogen envelope Ne shell fusion

(no fusion)

Core temperature:

1.5 billion K



Core contraction, increased temperature and pressure. Si fusion begins.

: H shell fusion
Timescale /
BEVS

He shell fusion

C shell fusion

Hydrogen envelope Ne shell fusion

(no fusion)
O shell fusion

Core temperature:

2.7 billion K



Core contraction, increased temperature and pressure.Iron cannot release energy .

: H shell fusion
Timescale
alals

He shell fusion

C shell fusion

Hydrogen envelope Ne shell fusion

(no fusion)
O shell fusion

Si shell fusion
Core temperature:

10 billion K

Iron accumulates in a growing core which is now inert and supported only by electron
degeneracy pressure.



Core collapse
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Core collapse

A The core implodes at ¥4 lightspeed! Around 70,000 km/s.

A High energy photons disintegrate the iron into helium nuclei, protons and
neutrons.

A Neutrinos flood out of the core.

A The core collapses (from 6,000 km to around 50 km ) until neutron
degeneracy pressure halts the collapse.

A Protons and electrons are forced together to make neutrons. A neutron
star is formed.

A Core rebounds and a shock wave is launched outward

A Neutrinos collide with the shockwave and drive it outwards into layers
above the core.



Supernova begins

A Shockwave races outwards from the core.

A The shock generates explosive nuclear fusion in

its wake, leading to more heavy element creation.

A The shock heats the outer layers of the star as it
goes. Violent heating and acceleration of the
stellar envelope above.

A After several hours, the shockwave breaks out
from the surface of the star, travelling at around
10% of lightspeed.

A At this point Othe star is seen to explode.
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Stars of & 20 M will explode as core collapse supernova. As bright as a hundred billion Suns for a period of weeks.
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Stars of & 20 M will explode as core collapse supernova. As bright as a hundred billion Suns for a period of weeks.
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Neutron star

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?



The first exoplanets to be discovered were
found in orbit around a neutron star.

*qWp efdeiv rkifhbi
survive a supernova intact.

They are likely secondgeneration planets,
formed after the supernova, from fallback
material in a debris disk.
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Black hole

AThe gravitational collapse of the biggest
stars (25 solar masses or more) cannot be Accretion Bisill
halted by any known physical process.

Relativistic Jet

Event Horizon

A After the supernovaOremaining mass is
crushed to zero size (asingularity ).

Singularity

ASpace around it is warped to the point
where light cannot escapeQa black hole .

AOnly detectable by effects on the
surroundings (e.g. gravitational pull on a
companion, or emission of radiation from
material spiralling into it).
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Black holes " f ksdddaack!

A Stephen Hawking showed that black holes must
evaporate over time.

A Particle/anti-particle pairs are continuously produced at
the horizon (quantum effects)

A Pairs can recombine, or escape. If one escapes and the
l gebo c”iip fk% qgqebk geb _ i~ h elib Um~rvpU qge
with its own mass.

A An outside observer sees this process aglawking
Radiation coming from the event horizon.

A Smaller black holes emit more radiation and would
evaporate fastest.

A Solar mass black hole:p 1t years to evaporate.



