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Week 13 Thursday
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Today’s Agenda

• Project Grading Rubric

• White Dwarfs

• Neutron Stars

• Black Holes

• Group Problem

Announcements / Reminders

• Read Chapter 20 (19 would be good too, but not 

required

• HW 9 due Friday 1min before midnight


• HEAP talk at 4pm on Thursday

• Dark Sector Visible Signals in Neutron Star 

Mergers 

• Colloquium at 2pm on Friday


• Cosmic Rays at Heliospheric Extremes: Recent 
Measurements by Voyager and Parker Solar Probe
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Project Grading Rubric
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• Accuracy (50 pts): The scientific accuracy of the information you convey.  The 
goal is to "communicate science," and it's important that the information 
presented is correct.


• Clarity (20 pts): How clearly the scientific information is conveyed.  Again, the 
goal is to "communicate science," which means communicating effectively.


• Creativity (10 pts): The artistic aspect.  Is the information conveyed in a novel or 
unique way?  Is the information presented in an aesthetically pleasing way?


• Presentation (20 pts): The in-class presentation of the project during the last 
week of class.  The project does not have to be 100% complete at this time, but 
it should be near completion, in a presentable state.  The rubric for grading the 
presentation is:


◦ Prepared (5 pts): Thought went into the presentation; it's not ad-libbed. 

◦ Concept clear (5 pts): The concept is obvious from the presentation.

◦ Approach clear (5 pts): The approach of explaining the concept is obvious.

◦ Significant progress on project (5 pts): Is the project >~90% complete?
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Degeneracy Pressure
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As stellar evolution proceeds, cores are supported by “degeneracy pressure” when there is no 
fusion to provide the necessary pressure to support the core against gravitational collapse.


—> acts as a “pressure floor”

Source of this pressure come from the rules of QM — Pauli exclusion & uncertainty principles

�x�p � ~

<latexit sha1_base64="xP55modFGBpMc4DttUxde/Dc9l8=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJFNRdURcuK9gLNKFMpift0MkkzEzEErpw46u4caGIWx/CnW/jtM1CW38Y+PjPOZw5f5BwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gdDWtt+9BKhaLOz1OwI/IQLCQUaKN1bPL3jVwTfADziHB3gCwNwyI7NkVp+rMhJfBzaGCcjV69pfXj2kagdCUE6W6rpNoPyNSM8phUvJSBQmhIzKArkFBIlB+Njtigo+N08dhLM0TGs/c3xMZiZQaR4HpjIgeqsXa1Pyv1k11eO5nTCSpBkHni8KUYx3jaSK4zyRQzccGCJXM/BXTIZGEapNbyYTgLp68DK3TqlurXtzWKvXLPI4iKqMjdIJcdIbq6AY1UBNR9Iie0St6s56sF+vd+pi3Fqx85hD9kfX5A9sulvo=</latexit>

Material getting maximally compressed, so electron momentum/velocity driven by that compression, 
NOT the temperature of the material!

Pth = nekT ⇠ nemev
2
th

<latexit sha1_base64="MNPDKmW7QB+89rwamcoEUHcagQ0=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwNcyUgroQim5cVuhDaMchk2ba0CQzJJlCGfoXbvwVNy4Ucas7/8a0HURbD1w4Oedebu4JE0aVdt0vq7Cyura+UdwsbW3v7O7Z+wctFacSkyaOWSzvQqQIo4I0NdWM3CWSIB4y0g6H11O/PSJS0Vg09DghPkd9QSOKkTZSYDv1IOtKDvVgAi+hCAgcwgbsKspnD25q9NNxXwnssuu4M8Bl4uWkDHLUA/uz24txyonQmCGlOp6baD9DUlPMyKTUTRVJEB6iPukYKhAnys9md03giVF6MIqlKaHhTP09kSGu1JiHppMjPVCL3lT8z+ukOjr3MyqSVBOB54uilEEdw2lIsEclwZqNDUFYUvNXiAdIIqxNlCUTgrd48jJpVRyv6lzcVsu1qzyOIjgCx+AUeOAM1MANqIMmwOABPIEX8Go9Ws/Wm/U+by1Y+cwh+APr4xtMBZ4r</latexit>

vth ⇡
r

kT

me

<latexit sha1_base64="6KvJqT7Sv9CySXu2C9uF7DMCzCU=">AAACEXicbVDLSsNAFJ3UV62vqks3g0XoqiRSUHdFNy4r9AVNCZPppB06k8SZm2IJ+QU3/oobF4q4defOv3H6WGjrgQuHc+7l3nv8WHANtv1t5dbWNza38tuFnd29/YPi4VFLR4mirEkjEamOTzQTPGRN4CBYJ1aMSF+wtj+6mfrtMVOaR2EDJjHrSTIIecApASN5xfLYS10lMQwz7JI4VtEDdvW9gtQNFKHpqJGl0mNZ5hVLdsWeAa8SZ0FKaIG6V/xy+xFNJAuBCqJ117Fj6KVEAaeCZQU30SwmdEQGrGtoSCTTvXT2UYbPjNLHQaRMhYBn6u+JlEitJ9I3nZLAUC97U/E/r5tAcNlLeRgnwEI6XxQkAkOEp/HgPleMgpgYQqji5lZMh8QkASbEggnBWX55lbTOK061cnVXLdWuF3Hk0Qk6RWXkoAtUQ7eojpqIokf0jF7Rm/VkvVjv1se8NWctZo7RH1ifPxFVnnc=</latexit>
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b/c �x ⇠ V 1/3 ⇠ n�1/3
e

<latexit sha1_base64="umxDcmJzYCKnA/PNhGhg4A3tPIE=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJVYKAlUArYKGBiLRB9SX3Lcm9aq40S2g6iifgELv8LCAEKszGz8DU7bAVqOZOncc+7V9T1exJnSjvNtLSwuLa+sZtay6xubW9v2zm5VhbGkUKEhD2XdIwo4E1DRTHOoRxJI4HGoeYOr1K/dg1QsFHd6GEErID3BfEaJNlLHzjevgWuCH3BTsQBX24l7fDqaFKID7eQorTt2zik4Y+B54k5JDk1R7thfzW5I4wCEppwo1XCdSLcSIjWjHEbZZqwgInRAetAwVJAAVCsZnzPCeaN0sR9K84TGY/X3REICpYaBZzoDovtq1kvF/7xGrP3zVsJEFGsQdLLIjznWIU6zwV0mgWo+NIRQycxfMe0TSag2CWZNCO7syfOkelJwi4WL22KudDmNI4P20QE6RC46QyV0g8qogih6RM/oFb1ZT9aL9W59TFoXrOnMHvoD6/MHPCuaWA==</latexit>

Pdegen ⇠ neme(�v)2 ⇠ ~2n5/3
e
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<latexit sha1_base64="UVkFFKAdhI+mohQVhi9OLZ+SUHc="></latexit>
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White Dwarfs

4

Pdegen ⇠ neme(�v)2 ⇠ ~2n5/3
e

me

<latexit sha1_base64="UVkFFKAdhI+mohQVhi9OLZ+SUHc="></latexit>

Leftover C core of a low mass ( ) starM ∼ 0.7 M⊙

Pc ⇠
GM2

R4

<latexit sha1_base64="2xgWQcSIE2bvqqlbctCnnEbGrD0=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSlIK6q7oQjdCFfuAJi2T6aQdOjMJMxOhhGzd+CtuXCji1j9w5984bbPQ1gMXDufcy733BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC0eXEbz0QqWgk7vU4Jj5HA0FDipE2Us+G9V7qSQ5xBj1FOfRCiXB6BW+6lSy961aznl1yys4UcJG4OSmBHPWe/eX1I5xwIjRmSKmO68TaT5HUFDOSFb1EkRjhERqQjqECcaL8dPpJBo+N0odhJE0JDafq74kUcaXGPDCdHOmhmvcm4n9eJ9HhmZ9SESeaCDxbFCYM6ghOYoF9KgnWbGwIwpKaWyEeIpOFNuEVTQju/MuLpFkpu9Xy+W21VLvI4yiAQ3AEToALTkENXIM6aAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+ABCEmVE=</latexit>

Set these equal
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<latexit sha1_base64="aETFlMrRfdLPnn0AIVpQ4expcyI="></latexit>

More massive WDs are smaller!


Why?


Also, because they have M~Msun but 
are 100x smaller, their surface gravity 
is much stronger, producing strongly 
pressure-broadened absorption lines
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Can a White Dwarf have any mass?
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Pdegen ⇠ neme(�v)2 ⇠ ~2n5/3
e

me

<latexit sha1_base64="UVkFFKAdhI+mohQVhi9OLZ+SUHc="></latexit>

As a WD becomes more massive, the pressure has to 
increase — what will cause the pressure to max out?

MCh ⇠
✓

~3c3
G3m4

p

◆1/2

⇠ 2M�

<latexit sha1_base64="bp7XgWWZJiDiLacs8UOamJMPFkQ="></latexit>

Called the Chandrasekhar mass

Modern calculations give 1.4 Msun

�v ⇠ c

<latexit sha1_base64="vYkZzPBsLyvUGW44NVCTso6l7V0=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquCOqtqAePFewHdJeSTWfb0CS7JNlCLf0lXjwo4tWf4s1/Y9ruQVsfDDzem2FmXpRypo3nfTuFtfWNza3idmlnd2+/7B4cNnWSKQoNmvBEtSOigTMJDcMMh3aqgIiIQysa3s781giUZol8NOMUQkH6ksWMEmOlrlsO7oAbgkc40Exg2nUrXtWbA68SPycVlKPedb+CXkIzAdJQTrTu+F5qwglRhlEO01KQaUgJHZI+dCyVRIAOJ/PDp/jUKj0cJ8qWNHiu/p6YEKH1WES2UxAz0MveTPzP62QmvgonTKaZAUkXi+KMY5PgWQq4xxRQw8eWEKqYvRXTAVGEGptVyYbgL7+8SprnVf+iev1wUand5HEU0TE6QWfIR5eohu5RHTUQRRl6Rq/ozXlyXpx352PRWnDymSP0B87nD6DWknE=</latexit>

Initial mass of star          WD type

0.5M� < M < 5M�

<latexit sha1_base64="A96gyiyi0KGVo9qG7t1yMqmS6Nk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgapgRRQUXRTduChXsA9phyGTSNjSTDElGKEMXbvwVNy4UcetHuPNvTNtBtPXAhZNz7uXmnjBhVGnX/bIKS8srq2vF9dLG5tb2jr2711QilZg0sGBCtkOkCKOcNDTVjLQTSVAcMtIKh9cTv3VPpKKC3+lRQvwY9TntUYy0kQK77DqnsBZ0RSQ0vIQ1Uz/vwK64jjsFXCReTiogRz2wP7uRwGlMuMYMKdXx3ET7GZKaYkbGpW6qSILwEPVJx1COYqL8bHrEGB4aJYI9IU1xDafq74kMxUqN4tB0xkgP1Lw3Ef/zOqnunfsZ5UmqCcezRb2UQS3gJBEYUUmwZiNDEJbU/BXiAZIIa5NbyYTgzZ+8SJrHjnfiXNyeVKpXeRxFUAYH4Ah44AxUwQ2ogwbA4AE8gRfwaj1az9ab9T5rLVj5zD74A+vjG5q8lY4=</latexit>

5M� < M < 7M�

<latexit sha1_base64="xvPB+HAT2RKWXGK+t93VQxdhZZE=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGKlVwUXTjplDBPqAdhkwm04ZmkiHJCKUUN/6KGxeKuPUr3Pk3pu0I2nrgwsk593JzT5AwqrTjfFm5peWV1bX8emFjc2t7x97dayqRSkwaWDAh2wFShFFOGppqRtqJJCgOGGkFg+uJ37onUlHB7/QwIV6MepxGFCNtJN8+OIM1vytCoeElrJmq/Lx9u+iUnCngInEzUgQZ6r792Q0FTmPCNWZIqY7rJNobIakpZmRc6KaKJAgPUI90DOUoJsobTU8Yw2OjhDAS0hTXcKr+nhihWKlhHJjOGOm+mvcm4n9eJ9XRuTeiPEk14Xi2KEoZ1AJO8oAhlQRrNjQEYUnNXyHuI4mwNqkVTAju/MmLpHlacsuli9tysXqVxZEHh+AInAAXVEAV3IA6aAAMHsATeAGv1qP1bL1Z77PWnJXN7IM/sD6+AbuHlR4=</latexit>

M < 0.5M�

<latexit sha1_base64="5WS8bAskkeRBCIOpsfaepEjSvos=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5CIooKLohs3hQr2AW0Ik8mkHTqZCTMToYZ+iRsXirj1U9z5N07bLLT1wIXDOfdy7z1hyqjSrvttlVZW19Y3ypuVre2d3aq9t99WIpOYtLBgQnZDpAijnLQ01Yx0U0lQEjLSCUe3U7/zSKSigj/ocUr8BA04jSlG2kiBXW3Aa+g657AR9EUkdGDXXMedAS4TryA1UKAZ2F/9SOAsIVxjhpTqeW6q/RxJTTEjk0o/UyRFeIQGpGcoRwlRfj47fAKPjRLBWEhTXMOZ+nsiR4lS4yQ0nQnSQ7XoTcX/vF6m40s/pzzNNOF4vijOGNQCTlOAEZUEazY2BGFJza0QD5FEWJusKiYEb/HlZdI+dbwz5+r+rFa/KeIog0NwBE6ABy5AHdyBJmgBDDLwDF7Bm/VkvVjv1se8tWQVMwfgD6zPHzE0kYc=</latexit>

He


C/O


Ne/Mg
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Neutron Stars are supported by neutron 
degeneracy pressure

6

More massive than the  Sun

R ~ 10 km



ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 13b

Supernovae!
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Electron degeneracy pressure fails


Electrons absorbed into protons in 
nuclei creating neutrons


Outer layers bounce off of forming 
NS (or pressure wave), causing star 

to explode

p+ e� ! n+ ⌫e

<latexit sha1_base64="aAKmGpmyC0Idg5BOK8IrquDolOo=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCIJZECuqt6MVjBfsBbQ2b7aRdutmE3Y1SQk9e/CtePCji1d/gzX/jts1BWx8MPN6bYWaeH3OmtON8W7mFxaXllfxqYW19Y3PL3t6pqyiRFGo04pFs+kQBZwJqmmkOzVgCCX0ODX9wNfYb9yAVi8StHsbQCUlPsIBRoo3k2fsxPsZwd4LbkvX6mkgZPWBhtLZIPPDsolNyJsDzxM1IEWWoevZXuxvRJAShKSdKtVwn1p2USM0oh1GhnSiICR2QHrQMFSQE1Uknb4zwoVG6OIikKaHxRP09kZJQqWHom86Q6L6a9cbif14r0cF5J2UiTjQIOl0UJBzrCI8zwV0mgWo+NIRQycytmPaJJFSb5AomBHf25XlSPy255dLFTblYucziyKM9dICOkIvOUAVdoyqqIYoe0TN6RW/Wk/VivVsf09aclc3soj+wPn8AsnKXZQ==</latexit>
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Historical SNe are now Supernova Remnants 
(SNRs)
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Crab Nebula

1054

Cassiopeia A

~1680


(not clearly recorded)

Tycho SNR

1572
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Can watch them expand!
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Tycho

Crab
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Exploded 1054

Neutron Stars / Pulsars
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Pulsars emit pulses at all wavelengths
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Realistic simulation of the 
magnetic field of a pulsar:


https://www.youtube.com/
watch?v=jwC6_oWwbSE


Millisecond Pulsar:

https://www.youtube.com/

watch?v=MPpDTvYL5ik


Black Widow Pulsar:


https://www.youtube.com/
watch?v=-SoZ1xvCpMw

When formed, rotates with a period of ~ 10-100 ms

https://www.youtube.com/watch?v=jwC6_oWwbSE
https://www.youtube.com/watch?v=jwC6_oWwbSE
https://www.youtube.com/watch?v=MPpDTvYL5ik
https://www.youtube.com/watch?v=MPpDTvYL5ik
https://www.youtube.com/watch?v=-SoZ1xvCpMw
https://www.youtube.com/watch?v=-SoZ1xvCpMw
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Neutron Stars are born 
with strong magnetic 
fields (get stronger as 

the core collapses)


Field accelerates 
electrons and positrons, 
which causes them to 
emit radiation across 

the spectrum


We see the beam once 
or twice each time the 

star rotates
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Can a Neutron Star have any mass?
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Neutron degeneracy pressure will also eventually fail

Mmax,NS ⇡ 3M�

<latexit sha1_base64="z4ot27F1utdLeqydXaenG+Hm5XA=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GwkLCrAbUL2thEIpoHZJdldjJJhszsLDOzkrCktvFXbCwUsfUL7PwbJ49CEw9cOJxzL/feE8aMKu0431ZmYXFpeSW7mltb39jcsrd3akokEpMqFkzIRogUYTQiVU01I41YEsRDRuph72rk1x+IVFRE93oQE5+jTkTbFCNtpMDeLwepJznkqH8Mb+6G0ENxLEUfnsJy4ImW0IGddwrOGHCeuFOSB1NUAvvLawmccBJpzJBSTdeJtZ8iqSlmZJjzEkVihHuoQ5qGRogT5afjV4bw0Cgt2BbSVKThWP09kSKu1ICHppMj3VWz3kj8z2smun3upzSKE00iPFnUThjUAo5ygS0qCdZsYAjCkppbIe4iibA26eVMCO7sy/OkdlJwi4WL22K+dDmNIwv2wAE4Ai44AyVwDSqgCjB4BM/gFbxZT9aL9W59TFoz1nRmF/yB9fkDacCZeg==</latexit>

Once a NS reaches the critical mass, its collapse 
can no longer bed stopped.  All of its mass will end 
up (as far as we know) in a single point at the center 

of the black hole, called the singularity.


Why is it called a singularity? f(x) =
1

x

<latexit sha1_base64="hl0V1w2iT3d7GC/oMGOwrqFHAlk=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0Wol5JIQT0IRS8eK9gPaEPZbDft0s0m7G6kJeSvePGgiFf/iDf/jds2B219MPB4b4aZeX7MmdKO822trW9sbm0Xdoq7e/sHh/ZRqaWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3w389tPVCoWiUc9jakX4qFgASNYG6lvl4LK5BzdoF4gMUndLJ1kfbvsVJ050Cpxc1KGHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8JpVuwlisaYjPGQdg0VOKTKS+e3Z+jMKAMURNKU0Giu/p5IcajUNPRNZ4j1SC17M/E/r5vo4MpLmYgTTQVZLAoSjnSEZkGgAZOUaD41BBPJzK2IjLBJQZu4iiYEd/nlVdK6qLq16vVDrVy/zeMowAmcQgVcuIQ63EMDmkBgAs/wCm9WZr1Y79bHonXNymeO4Q+szx/D1pOo</latexit>

Roger Penrose won the Nobel Prize last year for 
mathematically proving that black holes must have 
singularities at their centers, IF general relativity is 

the correct theory of gravity.
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Black Holes
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If the Sun suddenly collapsed and formed a black hole, what would happen to the Earth?

For a spherically symmetric object, its gravitational force (outside the object) is identical 
to that of an object with the same mass all at r = 0 —> exactly the case of a black hole!

The escape speed for a BH is the same as 
usual then, but b/c we can get much closer to 

them, the escape speed can get really high

vesc =

✓
2GM

r

◆1/2

<latexit sha1_base64="M0Xjxggc/PEl7npaxQoi+Pg/rUw=">AAACGHicbVDLSgNBEJz1GeNr1aOXwSDoJe4GQT0IQQ96ESIYE8jGMDvpTYbMPpjpFcKyn+HFX/HiQRGvufk3TmIOvgoaiqpuurv8RAqNjvNhzczOzS8sFpaKyyura+v2xuatjlPFoc5jGaumzzRIEUEdBUpoJgpY6Eto+IPzsd+4B6VFHN3gMIF2yHqRCARnaKSOfXDfyTwVUtA8p6fUkxDgnhcoxrPKxVWeqZx6SvT6uH+XuQeVvGOXnLIzAf1L3CkpkSlqHXvkdWOehhAhl0zrlusk2M6YQsEl5EUv1ZAwPmA9aBkasRB0O5s8ltNdo3RpECtTEdKJ+n0iY6HWw9A3nSHDvv7tjcX/vFaKwXE7E1GSIkT8a1GQSooxHadEu0IBRzk0hHElzK2U95lJBU2WRROC+/vlv+S2UnYPyyfXh6Xq2TSOAtkmO2SPuOSIVMklqZE64eSBPJEX8mo9Ws/Wm/X+1TpjTWe2yA9Yo09u+J9n</latexit>

Set vesc = c (speed of light)

rSch =
2GM

c2
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Schwarzschild radius

The spherical surface defined by this radius 

is called the event horizon
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Black Holes
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Spaghettification Fg changes so quickly with radius that 
gravitational tidal forces (the difference in Fg 
between your head and your feet) become 
strong enough to rip you apart as you fall 

towards a BH’s singularity

�F ⇡ GMm

r3
`
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Your mass

Your height



ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 13b

Other effects (e.g., explaining Interstellar)
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BH with 
accretion disk 

(no gravitational 
lensing)

What it would 
actually look like

Gravitational Lensing

Light follows shortest path b/t 2 points, but 
space-time curved, so light rays are curved


Time Dilation

Time passes slower the closer you are to a 
massive object (GPS satellite clocks “have 

more ticks” than our clocks in a given 
interval of time)


Gravitational Redshift

Light has to “climb out” of a gravitational 
potential well, losing energy — light with 

less energy has a longer wavelength

(just outside the event horizon, light is nearly 

infinitely redshifted)
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Observing real NSs and BHs
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Optical / UV

X-ray
X-ray Binaries


Close binary stars 
where 1 star has 
exploded and is 
now accreting 
matter from its 

companion

Andromeda Galaxy

(M31)
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Group Discussion Problem
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The radiation powering pulsars results from high energy processes due to 
the very strong magnetic field of the star.


What is the origin of the large magnetic field?


As the pulsar radiates, the star must lose energy assuming energy 
conservation.  What is the effect of that lost energy on the star?


If the pulsar was formed with a mass very close to its Chandrasekhar 
Mass, will it eventually become a black hole (assuming it remains 

isolated, accreting a trivial amount of matter of that time)?
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Star’s life 
determined 

mostly by its 
initial mass

M < 7M�
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White Dwarf:

Neutron Star:

Black Hole:

7M� < M < 18M�
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M > 18M�
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