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Stellar evolution for stars of different masses.
Credits: Encyclopeedia Britannica
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The big star is Sirius A, the brightest star in our sky, a main-sequence star of spectral type A0. The faint, tiny star is Sirius B, a white dwarf of spectral type DAZ2.
Credits: NASA, ESA, H. Bond (STScl), and M. Barstow (University of Leicester)



A comparison between the white dwarf IK Pegasi B (center), its A-class companion IK Pegasi A (left) and the Sun (right). This white dwarf has a surface temperature of 35,500 K.
Credits: RJHall (Wikipedia)



* A low-mass star usually becomes a
planetary nebula before it collapses
to a white dwart.

 Remember that despite its name, this
nebula has nothing to do with planets!

* The star at the center of the Ring
Nebula (M57), shown here, has a
temperature of ~125,000 K and is
~200 times more luminous than the
Sun.

* This star ceased nuclear fusion
within the last 2,000 years, and is on
its way to becoming a white dwart.

* After it does, the nebula will no longer
be visible.

The Ring Nebula (M57).
Credits: The Hubble Heritage Team (AURA/STScI/NASA)



* This H-R diagram shows the
final evolutionary stages for a
star with 1 M.

* At point A, the staris ared
glant.

e [t then loses mass as the core
begins to collapse.

* This exposes the core and
creates a planetary nebula.

e The star becomes hotter and
hotter and moves left (path B).

* As the star begins to cool off,
luminosity decreases, and it
moves down (path C) until it
becomes a white dwart.

H-R diagram of the final evolutionary stages of a star like the Sun.
Credits: OpenStax Astronomy






The interior structure of a massive star just before it exhausts its nuclear fuel. Shells closer to the core fuse heavier elements. The iron in the core cannot be fused to generate energy.
Credits: OpenStax Astronomy
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Supernova SN 1994D in galaxy NGC 4526. The supernova is the bright spot on the lower left. It happened on March 7, 1994 and reached peak brightness on March 22.
Credits: NASA/ESA, The Hubble Key Project Team and The High-Z Supernova Search Team



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


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

neutron star



Tolman-
Oppenheimer-Volkoft (TOV) limit



The Crab Nebula is a supernova remnant, 6 light-years wide. It the material that exploded out of a star in a supernova that was seen from Earth with the naked eye in the year 1054 CE.
Credits: NASA, ESA, J. Hester and A. Loll (Arizona State University)
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Here we zoomed into the center of the Crab Nebula. The neut ar is the rightmost of the two bright stars near the center.

Credits: ESA/Hubble & NASA, Acknowledgement: Mahdi Zamani :
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A composite image of the Crab Nebula showing X-ray (blue) and optical (red) images superimposed. The neutron star is the red star at the center.
Credits: Optical: NASA/HST/ASU/]. Hester et al. X-Ray: NASA/CXC/ASU/]. Hester et al. )



SN 1054

https://esahubble.org/videos/heic0515a


https://esahubble.org/videos/heic0515a/

stellar nucleosynthesis



beta
decay



Initial Mass (M o)

< 0.01 Planet
0.01 to 0.08 Brown dwart
0.08 to 0.25 White dwarf made mostly of helium
0.25 to 8 White dwarf made mostly of carbon and oxygen
8to 10 White dwarf made of oxygen, neon, and magnesium
10 to 40 Supernova explosion that leaves a neutron star

> 40 Supernova explosion that leaves a black hole



binary stars

mass transfer

accretion disk



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






nova



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



Henize 2-428

https://www.eso.org/public/videos/es01505a


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

pulsar

magnetic poles

conservation of angular momentum



(c) MEramar

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 disg',ussed earlier, is also a pulsar.
Credits: Optical: NASA/HST/ASU/]. Hester et al. X-Ray: NASA/CXC/ASU/]. Hester et al.




Jocelyn Bell radio
telescope

Antony Hewish

PSR B1919+21



https://voutu.be/z 3ZzNw91MSY


https://youtu.be/z_3zNw91MSY
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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)
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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. Calcada
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The Pioneer plaque.
Credits: Vectors by Oona Raisanen; designed by Carl Sagan & Frank Drake; artwork by Linda Salzman Sagan
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general theory of relativity  general relativity
Albert Einstein

gravity

space time
spacetime curvature



matter
matter tells spacetime how to curve

spacetime tells matter how to move
geodesics



* [t1s common to
illustrate curved
spacetime as a 2D
orid.

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

[llustration of spacetime curvature from different masses.
Credits: ESA-C.Carreau



* However, this
illustration is a bit
misleading.

e [t 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.

[llustration of spacetime curvature from different masses in 2D.
Credits: ESA-C.Carreau



* 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.

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



Tolman-
Oppenheimer-Volkoff (TOV) limit






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
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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.

Credits: Vanessaezekowitz & Avsa (Wikipedia)
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stellar black holes
Cygnus X-1



HDE 226868

accretion disk



Artist’s impression of the binary system. Matter from the blue supergiant HDE 226868 (left) is accreted in a disk around the black hole Cygnus X-1 (right).
Credits: ESA, Hubble



supermassive black holes

Event Horizon Telescope

M37 M87*

Sagittarius A*



Black hole M87%*. At the center is the shadow of the black hole, larger than the event horizon. It is surrounded by an accretion disk. This is a false color image; the disk is not actually orange.
Credits: EHT Collaboration



The black hole Sagittarius A*, at the center of our galaxy.
Credits: EHT Collaboration



This video shows a simulation of a black hole accretion disk. This is essentially what we see in the black hole images, but the images are very blurry, so we don’t see all the detalils.
Credits: Hotaka Shiokawa; video available at https://eventhorizontelescope.org/simulations-gallery (under “Accretion Disk”)



https://eventhorizontelescope.org/simulations-gallery

jets

https://voutu.be/1Sv7djCASD


https://youtu.be/1Sv7djCASDg

https://voutu.be/gv-iSMedpMw


https://youtu.be/gy-jSMedpMw

https://voutu.be/zUvH3XhpLTo


https://youtu.be/zUyH3XhpLTo




	Slide 1
	Slide 2
	Slide 3: We will learn about…
	Slide 4: Summary: stellar evolution
	Slide 5: Summary: stellar evolution
	Slide 6: Summary: stellar evolution
	Slide 7
	Slide 8: White dwarfs
	Slide 9: White dwarfs
	Slide 10: White dwarfs
	Slide 11: White dwarfs
	Slide 12: White dwarfs
	Slide 13: White dwarfs
	Slide 14: White dwarfs
	Slide 15: White dwarfs
	Slide 16: White dwarfs
	Slide 17: White dwarfs
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22: Supernovae
	Slide 23
	Slide 24: Supernovae
	Slide 25: Supernovae
	Slide 26: Supernovae
	Slide 27: Supernovae
	Slide 28: Supernovae
	Slide 29: Supernovae
	Slide 30
	Slide 31: Video
	Slide 32: Supernovae
	Slide 33: Supernovae
	Slide 34
	Slide 35
	Slide 36
	Slide 37: Video
	Slide 38: Supernovae
	Slide 39: Supernovae
	Slide 40: The fate of stellar objects by mass
	Slide 41: Supernova types
	Slide 42
	Slide 43: Supernova types
	Slide 44: Supernova types
	Slide 45
	Slide 46: Supernova types
	Slide 47: Supernova types
	Slide 48: Supernova types
	Slide 49
	Slide 50: Video
	Slide 51: Pulsars
	Slide 52
	Slide 53
	Slide 54: Pulsars
	Slide 55: Video
	Slide 56: Pulsars
	Slide 57: Pulsars
	Slide 58: Pulsars
	Slide 59
	Slide 60: Pulsars
	Slide 61: Pulsars
	Slide 62: Pulsars
	Slide 63
	Slide 64
	Slide 65: Pulsars
	Slide 66: Pulsars
	Slide 67
	Slide 68: General relativity
	Slide 69: General relativity
	Slide 70
	Slide 71
	Slide 72
	Slide 73: Black holes
	Slide 74: Black holes
	Slide 75
	Slide 76: Black holes
	Slide 77: Black holes
	Slide 78: Black holes
	Slide 79: Black holes
	Slide 80
	Slide 81: Black holes
	Slide 82: Black holes
	Slide 83: Black holes
	Slide 84: Black holes
	Slide 85
	Slide 86: Black holes
	Slide 87
	Slide 88
	Slide 89
	Slide 90: Video
	Slide 91: Video
	Slide 92: Bonus Video
	Slide 93: Conclusions

