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Fate of Stars

INITIAL MASS Final State

relative to Sun’s mass

M < 0.01 planet

.01 < M < .08 Brown dwarf (not true star)

0.08 < M < 0.25 not Red Giant→White Dwarf

0.25 < M < 12 Red Giant→White Dwarf

12 < M < 40 Supernova: neutron star

M > 40 Supernova: black hole

2017: Some very massive stars go directly to a Black Hole without a supernova. 

Postulated for a while as the number of massive stars seems greater that the number of 

SN remnants. A BH has been detected without a SN remnant, which seems to confirm 

this. Some WD can become SN by acquiring mass from companion star

Never a star
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Reminder: Stellar Explosions

For heavy white dwarves with a companion star

• acquire mass, if becomes > 1.4 M(Sun)                     

SUPERNOVA (Ia). p + e → n + neutrino

• → neutron star

For high mass stars

• fusion continues beyond C,O

• core of degenerate electrons builds up - opposes gravity

• if Mass(core) > (about) 1.4 M(Sun) core collapses in 

SUPERNOVA (II)

• → either Neutron Star or Black Hole
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Reminder: during Supernova. 

• core collapse gives 200 billion degrees → energetic 

photons

• In Type II breaks up many nuclei 

Fe → 26p + 31n    O → 8p + 8n

• new nuclei form → photons, n, and p strike shell around 

core. One way Universe makes heavy elements 

• If collapses to black hole may have very energetic

gamma ray burst

• p + e → n + neutrino

1. Burst of neutrinos. 1000 times more energy than from 

light (photons)

2. Leftover neutron star
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NEUTRON STARS

In either Ia or II supernova explosion core collapses

• e- + p → n  +  n    Most protons convert to neutrons as 

the electrons’ energies are forced to very high levels due 

to Pauli Exclusion/degeneracy

• packed neutrons remain giving neutron “star” about 99% 

neutrons and 1% protons/electrons (energy balance 

between neutrons  and electrons)

• very hot (200 billion degrees) and very small (10-30 km 

– the size of  DeKalb County) and a mass about 1.5-2.5  

times the Sun

• so very, very dense. 1 cm3 has mass of 100 million tons
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Properties determined by “degenerate” electrons and neutrons. 

neutron/electron mass ratio = 2000, neutron star much smaller and 

denser

Senior level physics classes do the quantum mechanics which 

predict radius versus mass

White Dwarf Neutron Star

Mass (relative to 

Sun)

1.0 (always < 

1.4)

1.5 (always < 

3)

Radius 5000 km 10 km

Density 106 g/cm3 1014 g/cm3
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Supernova Debris → Neutron stars

Cassiopeia A maybe observed in 

1680. Has iron, silicon, other 

heavy elements. Probable neutron 

star

Crab Nebula M1

Supernova 1054 (observed by 

Chinese and Arabs). Has neutron 

star



Angular Momentum + Neutron Stars 
Angular momentum = MASS x VELOCITY x RADIUS

decreasing RADIUS increases VELOCITY

Angular momentum is conserved:      
spinning chair (hold a weight and then bring 

arms in after start spinning)                                           

ice skater  (brings arms in)                                     

formation of neutron star in collapse of larger 

spinning star
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Angular Momentum + Neutron Stars 

Angular momentum = MASS x VELOCITY x RADIUS

decreasing RADIUS increases VELOCITY

Progenitor star of neutron 

star is either a white dwarf 

(radius=5000 km) or a 

Blue/Red giant 

(radius>1000000 km)                                      

and so collapse to 30 km 

radius is >100 smaller 

radius → 100X or more 

increase in spin rate
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NEUTRON STARS II
• spin rapidly → from >100 per second (Hz) to once per many 

seconds/minutes/hours/days

• EM radiation from protons/electrons + spin → large magnetic 

fields

• observe as repeating flashes of light PULSARS and  seen in 

debris of known supernova explosions

• discovered in 1967 by grad student Jocelyn Bell (Burnell). Her 

advisor Anthony Hewitt won Nobel prize (Bell should have 

shared in this). Found in PSR B1919. First called LGM for “little 

green men” as thought signal from an alien civilization

• About 1 billion neutron stars in Milky Way Galaxy. About 2,000 

have been observed. Those that are old have spun-down and 

cooled-down and so harder to detect
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Rotating Neutron Star: not all point to Earth (look 

at video A2 on web page)
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Crab Nebula M1 – 1054 supernova

radio

infrared

visible

X-ray

period = 30 Hz or 

0.033 sec and can 

be “seen” in visible 

and X-ray

Different pulsars have different 

frequencies. Link on web page
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Surface Gravity

• g = M/R2

• for neutron star: mass is similar to Sun or 1,000,000 X 

Mass(Earth) while radius is 10 km or .002 

Radius(Earth)

• surface gravity neutron star = 1011 = 100,000,000,000 

times Earth’s surface gravity

• force of gravity is resisted by degenerate neutrons
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Surface Gravity →Mass limit
• force of gravity is resisted by degenerate neutrons

• If Mass(NS) > about 3xMass(Sun), neutron star 

collapses into BLACK HOLE whose radius 

approaches 0. Partially figured out in 1930s by Robert 

Oppenheimer and others, with better answers worked 

out in 1950 – 2016.

• Mass vs radius still not completely understood. Most 

massive neutron star observed is about 2xMass(Sun)
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Interior of Neutron Stars don’t need to know

• force of gravity is resisted by degenerate neutrons

• In white dwarf gravity is resisted by degenerate 

electrons

• Electrons are “simpler” than neutrons and so WD 

interiors are better understood and at what mass they 

collapse

• In neutron stars: neutrons can convert to protons (and 

vice versa), neutrons and protons can form nuclei, 

some normal and some unusual (meaning with a lot of 

neutrons). Temperature, density, and composition will 

vary with radius
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Neutron Star Structure:  don’t need to know
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WD or NS: Mass vs Radius

Edmund Stoner – 1929/1930

Subrahmanyan Chandrasekhar – 1930

S.C.: India → UK → U. of Chicago. Similar plot 

does not exist for neutron stars (yet) as interior state 

of a neutron star is not as well understood

Limit at 1.4 Mass Sun



17

Colliding Star Systems (articles on web page)

• It is possible that a binary star system can end up being 2 White 

Dwarves or Two Neutron Stars, or a WD and a NS, or 2 Black 

Holes, etc. Have observed BH-BH, NS-NS, and BH-NS with 

gravity wave detectors

• Two WDs that collide can produce a Supernova (an augmented 

Type Ia). See link which discusses two WD observed in close 

orbit

Artist conception for 2 

white dwarfs
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Colliding Star Systems
• Two NSs that collide will produce a kiloNova (about 1/10 the 

luminosity of a Supernova) and one was detected in 2017 by two 

different gravitational wave detectors (LIGO, US and Virgo, 

Pisa), and in gamma rays, IR, and optical (Swope telescope is at 

Las Campanas in Chile which also discovered SN87a). Happens 

about once every 10,000 years in the Milky Way galaxy

• Produces heavy elements like gold, platinum, lead. spectrum seen 

in IR

Artist conception
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Lecture Feedback
E-mail me a few sentences describing one topic you learned from 

this set of presentations. Please also include the phrase “Neutron 

stars are about the size of DeKalb County but have about the 

mass of the Sun” after your mini-report but do not use that as 

your “one topic”.


