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Week 11 Tuesday
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Today’s Agenda 
• Fusion 
• ISM intro 
• Group problem 
• ISM emission

Announcements / Reminders 
• HW 8 (& 7.3) due Friday 1min before midnight 
• Read Chapters 16.1-2 & 17 

• HEAP talk at 4pm on Thursday 
• CFTs Blueshift Tensor Fluctuations Universally 🤷 

• Colloquium at 2pm on Friday 
• Lithium-ion Batteries
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HW 6 Problem 3
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Energy Generation
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First idea: light is the latent heat from the formation of the Sun due to the conversion 
of gravitational potential energy to kinetic energy (heat) during collapse

U = − q
GM2

R
q is a factor of order unity that depends on the density distribution ρ(r)

Lifetime of a star is simply 
this energy divided by the 
rate that energy is emitted, 

i.e., the luminosity
tKH ≡

U
L

tKH,⊙ =
U⊙

L⊙
≈ 50 Myr
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Fusion possible b/c of QM
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⇠ 10�15 m

<latexit sha1_base64="uxpj9RG6nRXf+3U0hVNdVG1OEOk=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBjSWRirorunFZwT6giWUynbRDZ5IwMxFKiPgrblwo4tbvcOffOH0stPXAhcM593LvPUHCmdKO820tLC4tr6wW1orrG5tb2/bObkPFqSS0TmIey1aAFeUsonXNNKetRFIsAk6bweB65DcfqFQsju70MKG+wL2IhYxgbaSOve8pJpDr3Gcn7ln+mHlSIJF37JJTdsZA88SdkhJMUevYX143JqmgkSYcK9V2nUT7GZaaEU7zopcqmmAywD3aNjTCgio/G5+foyOjdFEYS1ORRmP190SGhVJDEZhOgXVfzXoj8T+vnerwws9YlKSaRmSyKEw50jEaZYG6TFKi+dAQTCQztyLSxxITbRIrmhDc2ZfnSeO07FbKl7eVUvVqGkcBDuAQjsGFc6jCDdSgDgQyeIZXeLOerBfr3fqYtC5Y05k9+APr8wfnVZTW</latexit>

U ⇡ e2

4⇡✏0r
= 1.4 MeV

<latexit sha1_base64="HXrVEMHO4vCuZtK2UWAJkJdDFxY="></latexit>

hEi = 3

2
kTc ⇡ 2 keV

<latexit sha1_base64="kSWUmCBIYeMezcsy/xNmxrysRJ4="></latexit>

Particles are waves!

�prot =
h

p
=

h

mpv
⇡ 10�13 m

<latexit sha1_base64="hQ2MwdbBP2fGvR/QF5iiz2PRN5c="></latexit>
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Proton-proton chain: Tc < 1.8 x 107 K
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4 p ! 4
He + 2� + 2e

+
+ 2⌫e

<latexit sha1_base64="CGCAV6XeEsEgqT8h9bLTwli5Rus="></latexit>

e+ + e� ! 2�

<latexit sha1_base64="ZmUmrXlXZdquEx3ksKbbKkzQDVU=">AAACEnicbZDLSgMxFIYzXmu9VV26CRZBKZaZUlB3RTcuK9gLdGo5k2amocnMkGSUMvQZ3Pgqblwo4taVO9/G9CJo6w+Bj/+cw8n5vZgzpW37y1pYXFpeWc2sZdc3Nre2czu7dRUlktAaiXgkmx4oyllIa5ppTpuxpCA8Thte/3JUb9xRqVgU3uhBTNsCgpD5jIA2Vid3nLpSYDq8LeAC/uET7EoW9DRIGd3jkhuAENDJ5e2iPRaeB2cKeTRVtZP7dLsRSQQNNeGgVMuxY91OQWpGOB1m3UTRGEgfAtoyGIKgqp2OTxriQ+N0sR9J80KNx+7viRSEUgPhmU4BuqdmayPzv1or0f5ZO2VhnGgakskiP+FYR3iUD+4ySYnmAwNAJDN/xaQHEog2KWZNCM7syfNQLxWdcvH8upyvXEzjyKB9dICOkINOUQVdoSqqIYIe0BN6Qa/Wo/VsvVnvk9YFazqzh/7I+vgGY9Octg==</latexit>
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Neutrino Detector
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Super 
Kamiokande, 
Japan
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CNO cycle: Tc > 1.8 x 107 K
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Carbon, Nitrogen, Oxygen used as catalysts

12
C+ 4p ! 12

C+
4
He

<latexit sha1_base64="EiQHo6B8JAsIvgzrwF2/CA8mCFo="></latexit>

plus photons, neutrinos, and positrons

Triple Alpha Process
4
He +

4
He ! 8

Be + �

<latexit sha1_base64="z1U41dTU0S4U8InqyfIlvkaONS4="></latexit>

8
Be +

4
He ! 12

C+ �

<latexit sha1_base64="5eKNmArGNXDUdrUkbqifD+/vwNc="></latexit>

Decays quickly, needs T > 108 K and high density 
so it encounters another helium nucleus (alpha 

particle) before it does
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Interstellar Medium 
(ISM)
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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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Group Problem
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Imagine you observe 2 stars that have the same spectral 
(but not necessarily luminosity) type.

mV,1 = 15
mB,1 = 15.5

mV,2 = 21
mB,2 = 22.5

Assuming one of the stars has an , what is the 
extinction toward the other star? 

What is the optical depth toward that star in the B band? 

Assuming both stars have the same distance from us, what 
can you say about their luminosity classes?

AV = 0
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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

H2CO

CO

CH3OH
SO2

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

14

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


