
ASTR/PHYS 2500: Foundations Astronomy Fall 2020: Week 10

Week 10: ISM & Stellar Remnants
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HW8 due Thursday 

Read Ch. 16.1-2, 18
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Interstellar Medium (ISM)
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Stars (visible)

Hot Dust (far IR)

Balmer line n=3->2 (656.3 nm)

Neutral H (21cm; radio)

CO (2.6 mm; microwave)

All the diffuse stuff in b/t 
stars and other compact 

objects in the MW

Gas (ionized, neutral, molecules), 
Dust (large molecules, singly or in 
clumps), & relativistic components 

(magnetic fields, cosmic rays)
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Dust blocks starlight: Extinction
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Barnard 68 Blue                        Green                        Red

<——————————IR——————————>
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Extinction messes up magnitudes AND colors
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F0,λ F0, λe−τ(λ)

F� = F0,�e
�⌧ = F0,�e

�n�r

<latexit sha1_base64="hixydHlwTrqrar9h9y/CnjxIM28=">AAACLHicbVDLSgMxFM34rPVVdekmWAQXWmZEUBdCsVBcVrAP6NThTpq2wUxmSDJCGeaD3PgrgriwiFu/w7SdhbY9EDg551ySe/yIM6Vte2QtLa+srq3nNvKbW9s7u4W9/YYKY0lonYQ8lC0fFOVM0LpmmtNWJCkEPqdN/6ky9pvPVCoWigc9jGgngL5gPUZAG8krVKqey028C/gGV73EPs2uKaaPyZmrIU4XOgK7ivUDwDL1CkW7ZE+A54mTkSLKUPMK7243JHFAhSYclGo7dqQ7CUjNCKdp3o0VjYA8QZ+2DRUQUNVJJsum+NgoXdwLpTlC44n6dyKBQKlh4JtkAHqgZr2xuMhrx7p31UmYiGJNBZk+1Is51iEeN4e7TFKi+dAQIJKZv2IyAAlEm37zpgRnduV50jgvORel6/uLYvk2qyOHDtEROkEOukRldIdqqI4IekFv6BONrFfrw/qyvqfRJSubOUD/YP38AiG+pmA=</latexit>

mobs = C � 2.5 log(F )

= C � 2.5 log(F0)� 2.5 log(e�⌧ )

= m0 + 2.5⌧ log e

= m0 + 1.086⌧

<latexit sha1_base64="nqk3ByVGqKZE/MI+zGy8xUGuYEs="></latexit>

mobs(�) = m0(�) +A(�)

<latexit sha1_base64="x6MG/7cGFoq40ysAz1Ah7QTejjM=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0WoCCWRgroQqm5cVrAPaEKYTCbt0JkkzEyEEvodbvwVNy4UcSdu/BunbfDRemHg3HPu4c49fsKoVJb1aRQWFpeWV4qrpbX1jc0tc3unJeNUYNLEMYtFx0eSMBqRpqKKkU4iCOI+I21/cDXW23dESBpHt2qYEJejXkRDipHSlGfa3MscwWHsyxGsOEw7A3QIzyH3rJ/2CF58N55ZtqrWpOA8sHNQBnk1PPPdCWKcchIpzJCUXdtKlJshoShmZFRyUkkShAeoR7oaRogT6WaT00bwQDMBDGOhX6TghP3tyBCXcsh9PcmR6stZbUz+p3VTFZ66GY2SVJEITxeFKYMqhuOcYEAFwYoNNUBYUP1XiPtIIKx0miUdgj178jxoHVftWvXsplauX+ZxFMEe2AcVYIMTUAfXoAGaAIN78AiewYvxYDwZr8bbdLRg5J5d8KeMjy8tOp5z</latexit>

e.g., mV,obs = mV +AV

= V0 +AV

<latexit sha1_base64="fvx+JqYNoGIukRJTUTQbo4Mrb9A=">AAACIHicbVDLSsNAFJ34rPVVdelmsCiCJSRSqC6EqhuXFWxaaEKYTKft0JkkzEyEEuKfuPFX3LhQRHf6NU7TLrT1wMC559zLnXuCmFGpLOvLWFhcWl5ZLawV1zc2t7ZLO7uOjBKBSRNHLBLtAEnCaEiaiipG2rEgiAeMtILh9dhv3RMhaRTeqVFMPI76Ie1RjJSW/FItdQWHxOybleyB+6lTyYUokFkGL4605MATeOk7rlvUpeNbk9IvlS3TygHniT0lZTBFwy99ut0IJ5yECjMkZce2YuWlSCiKGcmKbiJJjPAQ9UlH0xBxIr00PzCDh1rpwl4k9AsVzNXfEyniUo54oDs5UgM5643F/7xOonpnXkrDOFEkxJNFvYRBFcFxWrBLBcGKjTRBWFD9V4gHSCCsdKZFHYI9e/I8cU5Nu2qe31bL9atpHAWwDw7AMbBBDdTBDWiAJsDgETyDV/BmPBkvxrvxMWldMKYze+APjO8f7O6gTA==</latexit>

Correcting Magnitudes

Correcting Colors

(B � V )obs = (B � V )0 + (AB +AV )

= (B � V )0 + E(B � V )

<latexit sha1_base64="7plFw5M7YQHYthJV+a2itVNiXB4=">AAACJXicbZBdSwJBFIZn7cvsa6vLboakUCTZDaGCAjWCLg1yFVxZZsdZHZz9YGY2kMV+TDf9lW66SCLoqr/S+HGR2oGBh/c9hzPndSNGhTSMby21srq2vpHezGxt7+zu6fsHlghjjkkdhyzkTRcJwmhA6pJKRpoRJ8h3GWm4/dux33giXNAweJSDiLR91A2oRzGSSnL061z1zMo7ic19GLpiCG9On6eSAQswV3GqhYpj5W07M2fcTVHPGkVjUnAZzBlkwaxqjj6yOyGOfRJIzJAQLdOIZDtBXFLMyDBjx4JECPdRl7QUBsgnop1MrhzCE6V0oBdy9QIJJ+rfiQT5Qgx8V3X6SPbEojcW//NasfQu2wkNoliSAE8XeTGDMoTjyGCHcoIlGyhAmFP1V4h7iCMsVbAZFYK5ePIyWOdFs1S8eihly9VZHGlwBI5BDpjgApTBPaiBOsDgBbyBDzDSXrV37VP7mramtNnMIZgr7ecXp6Wejg==</latexit>

R ⌘ AV

E(B � V )
⇡ 3.1

<latexit sha1_base64="1eT3b+VAqoJu4mn2HuModUftiC8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsC0OiBXVXK4LLKjYtNKVMppN26OThzKRYQj7Bjb/ixoUibl2682+ctllo9cCFwzn3cu89bsSokKb5peXm5hcWl/LLhZXVtfUNfXPLFmHMManjkIW86SJBGA1IXVLJSDPiBPkuIw13cDH2G0PCBQ2DWzmKSNtHvYB6FCOppI6+fwMdchfTIXQ8jnBy3rHT5LJUPbQPUuigKOLhPTw2rI5eNA1zAviXWBkpggy1jv7pdEMc+ySQmCEhWpYZyXaCuKSYkbTgxIJECA9Qj7QUDZBPRDuZPJTCPaV0oRdyVYGEE/XnRIJ8IUa+qzp9JPti1huL/3mtWHqn7YQGUSxJgKeLvJhBGcJxOrBLOcGSjRRBmFN1K8R9pIKRKsOCCsGaffkvsY8Mq2ycXZeLlWoWRx7sgF1QAhY4ARVwBWqgDjB4AE/gBbxqj9qz9qa9T1tzWjazDX5B+/gGDJKbVg==</latexit>
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H2CO

CO

CH3OH
SO2

Detection of gas is generally more direct
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Absorption & Emission Lines 
(Kirchoff’s laws) Free-Free Emission

hν = E2−E1

aka “bremsstrahlung”

Radio continuum

Neutral H “spin-flip”: 21cm emission line Molecule excitations (radio)

HII region
Hα

Hβ[O III]

[S II]

White dwarf

Planetary nebula
(emission lines from 

electron recombination)
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ISM also contains very hot gas heated by SNe

6

Galactic 
Center Galactic 

Center

Face-on disk view Edge-on disk view
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All these gas “phases” are in pressure equilibrium
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Cold Molecular Clouds: 
      T ~ 10 K,    n ~ 109 m-3 
Cold Neutral Medium: 
      T ~ 100 K,    n ~ 108 m-3 
Warm Neutral Medium: 
      T ~ 7000 K,   n ~ 105 m-3 
Warm Ionized Medium: 
      T ~ 10,000 K,   n ~ 106 m-3 
Hot Ionized Medium: 
      T ~ 1,000,000 K,   n ~ 104 m-3  

P ~ nkT ~ const.

Blue: x-rays
Green: Hα emission

Red HI 21cm emission
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Stellar Remnants: 
White Dwarfs, 

Neutron Stars, & 
Black Holes
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Degeneracy Pressure

9

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>

b/c

vth ⇡ �p

me
⇠ ~n1/3

e

me

<latexit sha1_base64="9Ou7u554nChYhzyrq0UBBbJNSO8="></latexit>

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

me

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

me

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

Leftover C core of a low mass (M < 7ish Msun) star

Pc ⇠
GM2

R4

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

n5/3
e =

✓
M

mpR3

◆5/3

<latexit sha1_base64="2zJGyk8N9TxQpDVwC3qVhJvkt6I=">AAACGnicbVC7SgNBFJ31GeMramkzGARt4q4P1EII2tgIKkaFbFxmJ3eTwdnZZeauEJZ8h42/YmOhiJ3Y+DdOHoWvAwOHc87lzj1hKoVB1/10RkbHxicmC1PF6ZnZufnSwuKlSTLNocYTmejrkBmQQkENBUq4TjWwOJRwFd4e9fyrO9BGJOoCOyk0YtZSIhKcoZWCkqcCuMl3Nra69ID6EiJc8yPNeH7SzeMgpec31vG1aLVxfZALSmW34vZB/xJvSMpkiNOg9O43E57FoJBLZkzdc1Ns5Eyj4BK6RT8zkDJ+y1pQt1SxGEwj75/WpatWadIo0fYppH31+0TOYmM6cWiTMcO2+e31xP+8eobRXiMXKs0QFB8sijJJMaG9nmhTaOAoO5YwroX9K+VtZptB22bRluD9PvkvudyseNuV/bPtcvVwWEeBLJMVskY8skuq5Jickhrh5J48kmfy4jw4T86r8zaIjjjDmSXyA87HF+VFn5A=</latexit>

Set these equal

Solve for R

R ⇠ ~2
Gmem2

p

✓
M

mp

◆�1/3

⇡ 0.01R�

✓
M

0.7M�

◆�1/3

<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
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More massive than the  Sun
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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!

15

Tycho

Crab
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Neutron Stars / Pulsars

Exploded 1054
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http://www.youtube.com/watch?v=t5uA1RJsDhw&feature=related
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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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Pulsars emit pulses at all wavelengths

19

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 ~1s

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

