
Supernova types

• About a half of all star systems are binary stars: two stars that are 
gravitationally bound, and orbit each other.

• Sometimes the two stars in a binary system can exchange material, 
especially when one of them is a giant or supergiant, or has a 
strong stellar wind. This is called mass transfer.

• If mass transfers from a star to a white dwarf, the material will 
collect in an accretion disk around the white dwarf.



Artist’s impression of gas from a blue giant being stripped away and accumulated in an accretion disk around its companion white dwarf.
Credits: STScI



Supernova types

• This will cause a new layer of hydrogen to accumulate on the white 
dwarf’s surface.

• Eventually, the hydrogen can get hot enough to ignite fusion.

• In this case, hydrogen fusion begins suddenly and causes an 
explosion, blasting away much of the new material.

• The white dwarf briefly becomes much brighter, hundreds or 
thousands of times its previous luminosity.

• It fades away after a few months or years.



Supernova types

• If the star system was previously too dim to be seen with the naked 
eye, it now suddenly becomes visible.

• To observers before the invention of the telescope, it seemed that a 
“new star” suddenly appeared, so they called it a nova, which 
means “new” in Latin.

• The word “nova” was first used in this context in 1572.



GK Persei, a nova that appeared in 1901. It consists of a white dwarf and a subgiant star, and surrounded by a nova remnant called the Firework Nebula.
Credits: X-ray: NASA/CXC/RIKEN/D.Takei et al; Optical: NASA/STScI; Radio: NRAO/VLA



Supernova types

• Today, we differentiate between “nova” and “supernova”.

• “Nova” is used only for explosions of white dwarfs in binary 
systems, as we just described.

• “Supernova” was coined in 1931 to indicate a “new star” that is 
much more luminous than an ordinary nova.

• A Type II supernova is a supernova that results from the collapse of 
a massive star, as we discussed earlier in this lecture.



Supernova types

• A Type Ia supernova is a supernova that results from a white dwarf 
that accumulates matter from its companion star, like a nova, but at 
a much faster rate.

• This causes the mass of the white dwarf to approach the 
Chandrasekhar limit (~1.4 𝑀⊙), so it can no longer use electron 
degeneracy pressure to resist collapsing.

• The star contracts and heats up, over a century or so.

• Suddenly, in less than a second, an enormous amount of fusion, 
especially of carbon, ignites all at once, causing an explosion.



Supernova types

• This explosion completely destroys the white dwarf.

• Therefore, in a Type Ia supernova, no neutron star or black hole 
remains.

• Type Ia supernovae can also be caused by two white dwarfs 
merging into one big white dwarf, which similarly collapses due to 
having too much mass.

• Compared to Type II supernovae, Type Ia supernovae are ~5 times 
more luminous.



G299, a remnant of a Type Ia supernova.
Credits: NASA/CXC/U.Texas



Video

• This artist’s impression video shows the central part of the 
planetary nebula Henize 2-428.

• Inside there are two white dwarfs, each with mass a little less than 
that of the Sun.

• They are expected to slowly draw closer to each other and merge in 
around 700 million years.

• This event will create a Type Ia supernova and destroy both stars.

• The video can be found at this URL:

https://www.eso.org/public/videos/eso1505a/

https://www.eso.org/public/videos/eso1505a/


Pulsars

• A pulsar (pulsating radio source) is a rotating neutron star that 
emits beams of electromagnetic radiation.

• The radiation is emitted from the magnetic poles, which may not be 
aligned with the rotation axis.

• Pulsars are like “lighthouses” in space; we can only see them when 
the beam is pointed directly at Earth.

• Neutron stars are very dense, and they spin very fast. This 
produces pulses in intervals ranging from milliseconds to seconds.
• The fast spin is due to conservation of angular momentum. Even if the 

original star rotated slowly, when it collapses to just a few km it still has 
the same amount of angular momentum, so it spins a lot faster.



Animation of the "lighthouse" effect produced by a pulsar. Note the misalignment of the magnetic and rotation poles. The bottom graph shows the intensity of the signal as observed on Earth.
Credits: Michael Kramer (JBCA, U. Manchester). The animation is available at this URL: https://en.wikipedia.org/wiki/File:Lightsmall-optimised.gif

https://en.wikipedia.org/wiki/File:Lightsmall-optimised.gif


The neutron star at the center of the Crab Nebula, which we discussed earlier, is also a pulsar.
Credits: Optical: NASA/HST/ASU/J. Hester et al. X-Ray: NASA/CXC/ASU/J. Hester et al.



Pulsars

• Pulsars were first observed by Jocelyn Bell in 1967 using a radio 
telescope. She was a graduate student at the time.

• She and her supervisor, Antony Hewish, thought that it could be a 
sign of extraterrestrial intelligence, since the pulses were very 
regular, like a clock.

• However, later that year they discovered a second pulsar, which 
ruled out that hypothesis.

• Pulsars are designated PSR followed by right ascension + 
declination. The first pulsar was named PSR B1919+21.



Video

• In this video, Jocelyn Bell describes her discovery of the first 
pulsars.

• She also discusses her experience as a female scientist in the 1960s 
and her struggle with impostor syndrome.

• The video can be found at this URL:

https://youtu.be/z_3zNw91MSY

https://youtu.be/z_3zNw91MSY


Pulsars

• There are an estimated ~1 billion neutron stars in the Milky Way.

• However, most are old and have cooled down, so they don’t 
produce much radiation. Therefore, we cannot see them.

• Pulsars are very easy to detect because of their radiation, so out of 
the ~3,200 neutron stars currently known, most are pulsars.

• However, remember that a pulsar is like a lighthouse, so we can 
only detect it if its radiation points directly at us.

• There are probably many more pulsars that we cannot detect 
simply because they point away from us.



Pulsars

• There are 3 types of pulsars currently known, classified according 
to the source of the radiation beam.

• In radiation-powered pulsars, the beam comes from the rotational 
energy of the neutron stars.

• As was mentioned before, neutron stars rotate very fast, due to 
conservation of angular momentum.

• For the same reason, the neutron star also has a very strong 
magnetic field: the magnetic field of the original star has been 
compressed to a very high density.



Pulsars

• The rotating magnetic field accelerates charged particles – protons 
and electrons – to nearly the speed of light.

• These particles can only escape the strong magnetic field at the 
magnetic poles. Therefore, a beam of particles is emanated from 
the magnetic poles.

• Over time, the rotation of the neutron star slows, and eventually it 
“turns off”. This can take ~10-100 million years.

• Based on this and the known age of the universe (~13.8 billion 
years), we can estimate that ~99% of the existing neutron stars 
have already turned off.



Schematic view of a pulsar. The curves indicate the magnetic field lines, the protruding cones represent the emission beams, and the green line represents the rotation axis of the neutron star.
Credits: Mysid, Jm smits (Wikipedia)



Pulsars

• In accretion-powered pulsars, gas is accreted from a binary 
companion and is channeled onto the magnetic poles.

• This produces two or more localized hotspots, where the infalling 
gas can reach half the speed of light before it impacts the surface.

• Gravitational potential energy, released from the gas as it falls, is 
converted to heat.

• The hotspots, ~1 km2 in area, can be ~10,000 more luminous than 
the Sun and reach temperatures of millions of degrees.

• At these temperature, the pulsars produce radiation mostly in the 
X-ray range, so they are also called X-ray pulsars.



Pulsars

• The third type of pulsars is called magnetars. They have an 
extremely strong magnetic field, up to ~1011 T.
• T stands for tesla, a unit used to measure magnetic fields.

• For comparison:
• A normal pulsar has a magnetic field of ~108 T.

• The average magnetic field of Earth is ~4.5 × 10−5 T.

• Magnetars also rotate slower than other neutron stars. Their 
rotation period is ~2-10 seconds, compared to ~0.1-1 second for 
other neutron stars.



Pulsars

• The magnetic field of a magnetar is so powerful that if you stand 
1,000 km from it, you will die immediately because it will distort 
the electron clouds of the atoms in your body.

• In a magnetar, the beams are caused by the strong magnetic field, 
and consist of X-rays and gamma rays.

• The magnetic field decays after ~10,000 years, and the magnetar is 
deactivated.

• Currently, only 24 magnetars are known, but the number of 
inactive magnetars in our galaxy is estimated at ~30 million.

• There are 6 known neutron stars that are both magnetars and 
pulsars.



The star cluster Westerlund 1. Left: visible light, with all stars appearing red due to interstellar reddening. Right: X-ray wavelengths, with the magnetar CXOU J164710.2-455216 marked.
Credits: NASA/CXC/UCLA/M.Muno et al.



Artist's impression of the magnetar CXOU J164710.2-455216 in the star cluster Westerlund 1.
Credits: ESO/L. Calçada



Pulsars

• The Pioneer plaques are illustrations that were placed on the 
Pioneer 10 (1972) and Pioneer 11 (1973) spacecraft.

• The two spacecraft were sent out of the solar system, and the 
plaques are meant to be messages, in case any intelligent 
extraterrestrial life forms find them in the future.

• Because pulsars have very precise periods, they were used on the 
Pioneer plaques to indicate the position of the solar system.



Pulsars

• The frequency of the hydrogen spin-flip transition is used as a 
universal unit of time. This corresponds to ~0.704 nanoseconds.

• 14 pulsars were indicated in a diagram as lines emanating from the 
Sun. The lines have markings encoding the periods of the pulsars.

• The lengths of the lines encode the relative distances from the Sun 
to each pulsar.

• This will allow aliens to triangulate the location of the solar system 
using the locations of known pulsars.

• 14 pulsars were included because some pulsars may not be visible 
to the aliens (due to the “lighthouse” effect).



The Pioneer plaque.
Credits: Vectors by Oona Räisänen; designed by Carl Sagan & Frank Drake; artwork by Linda Salzman Sagan



General relativity

• The general theory of relativity (or general relativity) was 
published by Albert Einstein in 1915.

• It completely revolutionized our understanding of the universe.

• General relativity is a theory of gravity, but it is much more precise 
than Newtonian gravity.

• In general relativity, space and time are joined together into 
spacetime, and gravity is described as the curvature of spacetime.

• Since general relativity is also the theory of spacetime, it gives a 
precise description of space, time, and how they are related.



General relativity

• General relativity also describes the relation between spacetime 
and matter.

• On the one hand, matter tells spacetime how to curve. Different 
types and configurations of matter cause spacetime to curve in 
different ways. Matter with more mass causes more curvature.

• On the other hand, spacetime tells matter how to move. Both 
matter and light follow paths, called geodesics, which are dictated 
by the spacetime curvature.

• What we interpret as “the force of gravity” is actually not a force, it 
is due to the geodesics being influenced by the curvature.



Illustration of spacetime curvature from different masses.
Credits: ESA–C.Carreau

• It is common to 
illustrate curved 
spacetime as a 2D 
grid.

• The more massive an 
object is, the more 
curvature it will 
create in the grid.



Illustration of spacetime curvature from different masses in 2D.
Credits: ESA–C.Carreau

• However, this 
illustration is a bit 
misleading.

• It looks like 
“gravity” is 
pulling the 
masses “down” 
and causing the 
curvature.

• In reality, the
curvature itself is 
the source of 
gravity, not the 
other way around.



Illustration of spacetime curvature from a mass in 3D.
Credits: Christopher Vitale

• A slightly more accurate 
illustration uses a 3D grid.

• A mass, in this case Earth, is 
causing the grid to warp 
and bend in its vicinity.

• This is a better analogy for 
spacetime curvature than 
the 2D grid.

• In the 3D grid, there is 
nothing “pulling the mass 
down”, the mass itself is 
causing the curvature.



Black holes

• Remember that there are two forces always trying to overcome 
each other in any star: gravity and pressure.

• A massive star can collapse into a neutron star if the neutron 
degeneracy pressure is sufficient to overcome gravity.

• The upper limit for a mass of a neutron star is the Tolman-
Oppenheimer-Volkoff (TOV) limit, which is ~2 𝑀⊙.

• Beyond this limit, neutron degeneracy pressure will no longer be 
sufficient, and the star will collapse under its own gravity.



Black holes

• There is no known mechanism that could stop the gravitational 
collapse if neutron degeneracy pressure is not enough.

• Therefore, in stellar remnants with mass above the TOV limit, the 
gravitational collapse simply continues without nothing to resist it.

• This can also happen when two neutron stars collide and merge 
into one big neutron star.



Artist’s illustration of two neutron stars merging – and causing ripples in the curvature of spacetime, called gravitational waves, which we will learn about later.
Credits: NSF/LIGO/Sonoma State University/A. Simonnet



Black holes

• Let us define the Schwarzschild radius 𝑟𝑠:

𝑟𝑠 =
2𝐺𝑀

𝑐2

• 𝑀 is the mass of the star.

• 𝐺 ≈ 6.67 × 10−11 m3/kg ⋅ s2 is the gravitational constant.

• 𝑐 ≈ 3 × 108 m/s is the speed of light.



Black holes

• The Schwarzschild radius depends on the mass, so different objects 
have different Schwarzschild radii.
• The Sun (𝑀 = 1 𝑀⊙ ≈ 2 × 1030 kg) has Schwarzschild radius ~3 km.

• The Earth (𝑀 = 6 × 1024 kg) has Schwarzschild radius ~9 mm.

• An average human (𝑀 = 70 kg) has Schwarzschild radius  ~10−25 m. This 
is 1 quadrillion (1015) times smaller than an atom and 10 billion (1010) 
times smaller than a proton.

• If the mass of an object collapses to a size smaller than its 
Schwarzschild radius, a black hole is formed.
• So if we compressed the Sun to a radius of 3 km, or the Earth to a radius of 

9 mm, we would create a black hole.



Black holes

• The defining feature of a black hole is an imaginary surface that 
exists at the Schwarzschild radius, called the event horizon.

• Anything that passes the event horizon into the black hole can 
never escape back out of the event horizon.

• This includes not just matter, but also light. Since light can never 
escape from the black hole, it is black, hence the name.



Black holes

• Remember that according to general relativity, both matter and 
light follow geodesics: paths dictated by the spacetime curvature.

• The reason nothing can escape the event horizon is that spacetime 
is curved in such a way that every possible geodesic must go 
further into the black hole.



Credits: Vanessaezekowitz & Avsa (Wikipedia)

     

 
  

 

 
  
 
  
 
 
  
  
 

          

     
 
  

 

 
  
 
  
 
 
  
  
 

          

Far away from the black hole, a 
particle can move in any direction.

Inside the event horizon, all paths 
bring the particle closer to the center 
of the black hole. It is no longer 
possible for the particle to escape.



Black holes

• At the center of a black hole, general relativity predicts that there is 
a singularity.

• The singularity is a single point that contains all the mass of the 
black hole.

• A single point has zero volume. Since density is mass divided by 
volume, the singularity can be thought of as having infinite density.

• Outside the singularity, the black hole is thought to be just empty 
space. In other words, the gravitational collapse continued with no 
pressure to stop it, so the mass collapsed to a single point.



Black holes

• However, most theoretical physicists think that singularities don’t 
really exist.

• Singularities just indicate that the theory of general relativity is not 
valid at the center of a black hole, so its predictions at that point 
are incorrect.

• We think that the center of a black hole must be described by 
combining general relativity with quantum mechanics. 

• This combined theory is called quantum gravity. However, so far, 
we have not been able to find this theory, so we don’t really know 
what happens at the center of a black hole.
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