
ASTR/PHYS 2500: Foundations Astronomy Fall 2020: Week 14

Week 14: Cosmology

1

HW 11 due Dec. 3rd (Thursday next week) 

HW 1-10 and Midterm 2 grades released 

Last in-person class is today — entirely over Zoom next week 

Project Presentations next week 
Be prepared to present on Tuesday - students will be chosen at random



ASTR/PHYS 2500: Foundations Astronomy Fall 2020: Week 14 2

Pressure broadening 
less for larger stars —> 

narrower lines —> 
must be a giant  

(IV or less)
g =

GM

R2
=

G(10M�)

(10R�)2
= 0.1g�

<latexit sha1_base64="TjDbNHPY4z68opDF9CoykFdc/Cc="></latexit>

Tc ⇡
2GMµmp

Rk
=

2G(10M�)µ�mp

10Rk
= Tc,�

<latexit sha1_base64="owFbxVFhOE7qEozDOviKLxKlM08="></latexit>
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�E = �mc2 = (mSi + 3mHe �mCa)c
2 = 3.3⇥ 10�12 J

<latexit sha1_base64="tqoG5tK/hzNa1xuP+mvZWV6H5Qs="></latexit>

L =
Etot

t
=

Nreactions�E

t
=

0.05M�
28mu

�E

t
= 5.9⇥ 105 L�

<latexit sha1_base64="N2Q+ssEarLPekIi0KOyuQGF7oyw="></latexit>
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mobs = m0 + 1.086⌧

15 = m0 + 1.086 · 5
m0 = 9.6

<latexit sha1_base64="r2bjC4Y+lh+lr7Z4PUlJtToneHE="></latexit>

mobs = m0 + 1.086⌧

15 = m0 + 1.086 · 5
m0 = 9.6

<latexit sha1_base64="r2bjC4Y+lh+lr7Z4PUlJtToneHE="></latexit>

RV =
AV

E(B � V )
=

1.086 · 5
E(B � V )

= 3.1

<latexit sha1_base64="8H4rQp4B3plr8UfK8sXW6JzqgXY=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0WoC0OiVeuiUCuCyyo2LbQlTKaTdujkwcxEKKFf48ZfceOiIuLOT3H6QGrrgQuHc+7l3nvciFEhTfNLSy0tr6yupdczG5tb2zv67p4twphjUsUhC3ndRYIwGpCqpJKResQJ8l1Gam7vZuTXnggXNAweZT8iLR91AupRjKSSHL344NiwCJseRzi5duxBcpsrn9jHg1/RMszCBWzidijh+ax9ZliOnjUNcwy4SKwpyYIpKo4+bLZDHPskkJghIRqWGclWgrikmJFBphkLEiHcQx3SUDRAPhGtZPzmAB4ppQ29kKsKJByrsxMJ8oXo+67q9JHsinlvJP7nNWLpFVoJDaJYkgBPFnkxgzKEo8xgm3KCJesrgjCn6laIu0iFI1WyGRWCNf/yIrFPDStvXN3ns6XyNI40OACHIAcscAlK4A5UQBVg8AxewRC8ay/am/ahfU5aU9p0Zh/8gfb9A+3IoR0=</latexit>

(B � V )obs = (B � V )0 + E(B � V )

B0 = V0 + (B � V )obs � E(B � V ) = 9.6 + 1.3� 1.75 = 9.15

<latexit sha1_base64="fTINR8KlsQHnWUVxYr2Da/XS6vo="></latexit>
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Cosmology
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Relative Contents of the Universe

6

Baryonic matter (all the particles we know about)

Baryons: hadrons (particles made of quarks like protons and neutrons) 
Leptons: lighter particles not made of quarks, including electrons

Dark matter

Dark energy
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First observation: 
The night sky is dark! 

What does this imply?

Olber’s paradox: 

Infinitely old, infinitely large 
universe full of stars 

Sky should be as bright as the 
disk of the Sun!
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Hubble’s Law

8

cz<latexit sha1_base64="Nuso6oQt0j6Vwmu9cB5Qy2QDjuA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6r2A9oQ9lsN+3SzSbsToQa+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFK9+ypV664VXcGsky8nFQgR71X/ur2Y5ZGXCGT1JiO5yboZ1SjYJJPSt3U8ISyER3wjqWKRtz42ezSCTmxSp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGl34mVJIiV2y+KEwlwZhM3yZ9oTlDObaEMi3srYQNqaYMbTglG4K3+PIyaZ5VvfPq1d15pXadx1GEIziGU/DgAmpwC3VoAIMQnuEV3pyR8+K8Ox/z1oKTzxzCHzifP6iDjXc=</latexit>

d

<latexit sha1_base64="ZKt3GAg/5ze2BEY7GFOxAInTe4k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ymsrW9sbhW3Szu7e/sH5cOjtk4yxbDFEpGoTkA1Ci6xZbgR2EkV0jgQ+BCMbmf+wxMqzRN5b8Yp+jEdSB5xRo2VmmG/XHGr7hxklXg5qUCORr/81QsTlsUoDRNU667npsafUGU4Ezgt9TKNKWUjOsCupZLGqP3J/NApObNKSKJE2ZKGzNXfExMaaz2OA9sZUzPUy95M/M/rZia68idcpplByRaLokwQk5DZ1yTkCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AMvJjPQ=</latexit>

cz = H0d

<latexit sha1_base64="CSDIMHqjlhRAGit6+2LvgS/Rgb4=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQT0IRS89VrAf2C4lm822odlkSbJCXfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKVlqghtEsml6gRYU84EbRpmOO0kiuI44LQdjG6nfvuRKs2kuDfjhPoxHggWMYKNlR7IE7pG9b6Lwn654lbdGdAy8XJSgRyNfvmrF0qSxlQYwrHWXc9NjJ9hZRjhdFLqpZommIzwgHYtFTim2s9mF0/QiVVCFEllSxg0U39PZDjWehwHtjPGZqgXvan4n9dNTXTpZ0wkqaGCzBdFKUdGoun7KGSKEsPHlmCimL0VkSFWmBgbUsmG4C2+vExaZ1XvvHp1d16p3eRxFOEIjuEUPLiAGtShAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AqBqPnw==</latexit>

H0 ⇡ 70 km s�1 Mpc�1

<latexit sha1_base64="kiOcO3qFebPY0b9qyMSzl+ZxvVI=">AAACFnicbVDLSgMxFM3UV62vUZdugkVw0zIjhequ6KYboYJ9QFuHTJppQ5OZkGTEMrQ/4cZfceNCEbfizr8x7XShrQcC555zLzf3+IJRpR3n28qsrK6tb2Q3c1vbO7t79v5BQ0WxxKSOIxbJlo8UYTQkdU01Iy0hCeI+I01/eDX1m/dEKhqFt3okSJejfkgDipE2kmcXqp4DO0gIGT3AsjNJOpLDIZ+o8V1ScMdpfS1wWnp23ik6M8Bl4s5JHsxR8+yvTi/CMSehxgwp1XYdobsJkppiRsa5TqyIQHiI+qRtaIg4Ud1kdtYYnhilB4NImhdqOFN/TySIKzXivunkSA/UojcV//PasQ7OuwkNRaxJiNNFQcygjuA0I9ijkmDNRoYgLKn5K8QDJBHWJsmcCcFdPHmZNM6Kbql4cVPKVy7ncWTBETgGp8AFZVABVVADdYDBI3gGr+DNerJerHfrI23NWPOZQ/AH1ucPTK+e4A==</latexit>

r(t) = a(t)r0

<latexit sha1_base64="T6Oqf0QyNYEB5G+qPeKr3MTLyPU=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSxC3ZRECupCKLpxWcE+oA1hMp20QyeTMHMj1NAvceNCEbd+ijv/xkmbhbYeuNzDOfcyd44fC67Btr+twtr6xuZWcbu0s7u3X64cHHZ0lCjK2jQSker5RDPBJWsDB8F6sWIk9AXr+pPbzO8+MqV5JB9gGjM3JCPJA04JGMmrlFUNzvA1JllTnu1VqnbdngOvEicnVZSj5VW+BsOIJiGTQAXRuu/YMbgpUcCpYLPSINEsJnRCRqxvqCQh0246P3yGT40yxEGkTEnAc/X3RkpCraehbyZDAmO97GXif14/geDSTbmME2CSLh4KEoEhwlkKeMgVoyCmhhCquLkV0zFRhILJqmRCcJa/vEo653WnUb+6b1SbN3kcRXSMTlANOegCNdEdaqE2oihBz+gVvVlP1ov1bn0sRgtWvnOE/sD6/AHV/pFI</latexit>

v(r) = ṙ = ȧr0 =
ȧ

a(t)
r(t)

<latexit sha1_base64="XsJFZ+ThcZp5/pg+/enxOKVnLcE=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0mzIjBetCKLpxWcE+oB2GTJppQzMPkjuFMsyvuPFX3LhQpDvxZ0zbEbT1QMLJOfcmuceNBFdgmp9GbmNza3snv1vY2z84PCoen7RVGEvKWjQUoey6RDHBA9YCDoJ1I8mI7wrWccd3c78zYVLxMHiEacRsnwwD7nFKQEtOsT4pywq+wf1BCIlMfxhJsXTM+cmThCaZliakDBVt6d0plsyquQBeJ1ZGSihD0ynO9C009lkAVBClepYZgZ0QCZwKlhb6sWIRoWMyZD1NA+IzZSeLCVN8oZUB9kKpVwB4of7uSIiv1NR3daVPYKRWvbn4n9eLwavbCQ+iGFhAlw95scAQ4nlceMAloyCmmhAquf4rpiOiMwEdakGHYK2OvE7al1WrVr1+qJUat1kceXSGzlEZWegKNdA9aqIWougJvaA39G48G6/GhzFbluaMrOcU/YHx9Q3WWqIi</latexit>

v(t) = H(t)r(t)

<latexit sha1_base64="NBbQR4ty/jfrWNGN4GpqOsxHc8Y=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahbsqMFNSFUHTTZQX7gHYomTTThmYyQ5IplKF/4saFIm79E3f+jZl2Ftp6ILmHc+4lN8ePOVPacb6twsbm1vZOcbe0t39weGQfn7RVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0408eMr8zpVKxSDzpWUy9EI8ECxjB2kgD255W9CW6Q42sSHMN7LJTdRZA68TNSRlyNAf2V38YkSSkQhOOleq5Tqy9FEvNCKfzUj9RNMZkgke0Z6jAIVVeuth8ji6MMkRBJM0RGi3U3xMpDpWahb7pDLEeq1UvE//zeokObryUiTjRVJDlQ0HCkY5QFgMaMkmJ5jNDMJHM7IrIGEtMtAmrZEJwV7+8TtpXVbdWvX2slev3eRxFOINzqIAL11CHBjShBQSm8Ayv8Gal1ov1bn0sWwtWPnMKf2B9/gAwdZFz</latexit>

Hubble parameter
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r(t) = a(t)r0

<latexit sha1_base64="T6Oqf0QyNYEB5G+qPeKr3MTLyPU=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSxC3ZRECupCKLpxWcE+oA1hMp20QyeTMHMj1NAvceNCEbd+ijv/xkmbhbYeuNzDOfcyd44fC67Btr+twtr6xuZWcbu0s7u3X64cHHZ0lCjK2jQSker5RDPBJWsDB8F6sWIk9AXr+pPbzO8+MqV5JB9gGjM3JCPJA04JGMmrlFUNzvA1JllTnu1VqnbdngOvEicnVZSj5VW+BsOIJiGTQAXRuu/YMbgpUcCpYLPSINEsJnRCRqxvqCQh0246P3yGT40yxEGkTEnAc/X3RkpCraehbyZDAmO97GXif14/geDSTbmME2CSLh4KEoEhwlkKeMgVoyCmhhCquLkV0zFRhILJqmRCcJa/vEo653WnUb+6b1SbN3kcRXSMTlANOegCNdEdaqE2oihBz+gVvVlP1ov1bn0sRgtWvnOE/sD6/AHV/pFI</latexit>

v(r) = ṙ = ȧr0 =
ȧ

a(t)
r(t)

<latexit sha1_base64="XsJFZ+ThcZp5/pg+/enxOKVnLcE=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0mzIjBetCKLpxWcE+oB2GTJppQzMPkjuFMsyvuPFX3LhQpDvxZ0zbEbT1QMLJOfcmuceNBFdgmp9GbmNza3snv1vY2z84PCoen7RVGEvKWjQUoey6RDHBA9YCDoJ1I8mI7wrWccd3c78zYVLxMHiEacRsnwwD7nFKQEtOsT4pywq+wf1BCIlMfxhJsXTM+cmThCaZliakDBVt6d0plsyquQBeJ1ZGSihD0ynO9C009lkAVBClepYZgZ0QCZwKlhb6sWIRoWMyZD1NA+IzZSeLCVN8oZUB9kKpVwB4of7uSIiv1NR3daVPYKRWvbn4n9eLwavbCQ+iGFhAlw95scAQ4nlceMAloyCmmhAquf4rpiOiMwEdakGHYK2OvE7al1WrVr1+qJUat1kceXSGzlEZWegKNdA9aqIWougJvaA39G48G6/GhzFbluaMrOcU/YHx9Q3WWqIi</latexit>

v(t) = H(t)r(t)

<latexit sha1_base64="NBbQR4ty/jfrWNGN4GpqOsxHc8Y=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahbsqMFNSFUHTTZQX7gHYomTTThmYyQ5IplKF/4saFIm79E3f+jZl2Ftp6ILmHc+4lN8ePOVPacb6twsbm1vZOcbe0t39weGQfn7RVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0408eMr8zpVKxSDzpWUy9EI8ECxjB2kgD255W9CW6Q42sSHMN7LJTdRZA68TNSRlyNAf2V38YkSSkQhOOleq5Tqy9FEvNCKfzUj9RNMZkgke0Z6jAIVVeuth8ji6MMkRBJM0RGi3U3xMpDpWahb7pDLEeq1UvE//zeokObryUiTjRVJDlQ0HCkY5QFgMaMkmJ5jNDMJHM7IrIGEtMtAmrZEJwV7+8TtpXVbdWvX2slev3eRxFOINzqIAL11CHBjShBQSm8Ayv8Gal1ov1bn0sWwtWPnMKf2B9/gAwdZFz</latexit>

Hubble parameter

v(t0) = H(t0)r(t0) = cz = H0d

<latexit sha1_base64="IXXolk/5jySKzY3adsEdjYcVPjE=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZmRgroQim66rGAf0A5DJpO2oZkHyZ1CHfoBbvwVNy4UcesHuPNvzLQjaOuBwMk555Lc40aCKzDNLyO3srq2vpHfLGxt7+zuFfcPWiqMJWVNGopQdlyimOABawIHwTqRZMR3BWu7o5vUb4+ZVDwM7mASMdsng4D3OSWgJadYGpfBMU/xFa7Pify50/tUdEzs6ZRZMWfAy8TKSAllaDjFz54X0thnAVBBlOpaZgR2QiRwKti00IsViwgdkQHrahoQnyk7mS0zxSda8XA/lPoEgGfq74mE+EpNfFcnfQJDteil4n9eN4b+hZ3wIIqBBXT+UD8WGEKcNoM9LhkFMdGEUMn1XzEdEkko6P4KugRrceVl0jqrWNXK5W21VLvO6sijI3SMyshC56iG6qiBmoiiB/SEXtCr8Wg8G2/G+zyaM7KZQ/QHxsc30j+XEA==</latexit>

Current time = age of the universe

r(t0) ⇠ ct0 ⇠ c/H0

<latexit sha1_base64="zdNKl7U6gtkdZ+8f0skSdyGFU70=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFqJuaSEHdFd10WcFeoA1hMp22Q2eSMDMRSujOja/ixoUibn0Fd76N0zaCVn8Y+PjPOZw5fxBzprTjfFq5peWV1bX8emFjc2t7x97da6ookYQ2SMQj2Q6wopyFtKGZ5rQdS4pFwGkrGF1P6607KhWLwls9jqkn8CBkfUawNpZvH8qS9p0T1FVMIIIMf+MpqvmObxedsjMT+gtuBkXIVPftj24vIomgoSYcK9VxnVh7KZaaEU4nhW6iaIzJCA9ox2CIBVVeOrtjgo6N00P9SJoXajRzf06kWCg1FoHpFFgP1WJtav5X6yS6f+GlLIwTTUMyX9RPONIRmoaCekxSovnYACaSmb8iMsQSE22iK5gQ3MWT/0LzrOxWypc3lWL1KosjDwdwBCVw4RyqUIM6NIDAPTzCM7xYD9aT9Wq9zVtzVjazD79kvX8BpaiWog==</latexit>

Horizon distance 
(Farthest away we can see)

Expanding universe implies a hot, 
dense state in the past 

Call this the Big Bang 
(Should include radiation, which would 

still be around today)

t0 ⇡ 13.8 Gyr

<latexit sha1_base64="63y9Q84SFxzfRIdcd/Y9uqu7KvY=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4CokWrLuiC11WsA9oQphMJ+3QSTLMTMQQKm78FTcuFHHrT7jzb5y2WWjrgQuHc+7l3nsCzqhUtv1tLCwuLa+sltbK6xubW9vmzm5LJqnApIkTlohOgCRhNCZNRRUjHS4IigJG2sHwcuy374iQNIlvVcaJF6F+TEOKkdKSb+4r34Yu4lwk99A5tWoPuSsieJWJkW9WbMueAM4TpyAVUKDhm19uL8FpRGKFGZKy69hceTkSimJGRmU3lYQjPER90tU0RhGRXj75YQSPtNKDYSJ0xQpO1N8TOYqkzKJAd0ZIDeSsNxb/87qpCmteTmOeKhLj6aIwZVAlcBwI7FFBsGKZJggLqm+FeIAEwkrHVtYhOLMvz5PWieVUrfObaqV+UcRRAgfgEBwDB5yBOrgGDdAEGDyCZ/AK3own48V4Nz6mrQtGMbMH/sD4/AFlRpbB</latexit>
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How does the expansion speed change with time?

10

When dense, the gravitational force is stronger 
(But also the expansion speed was higher) 

Like shooting a cannonball straight up: 
1) v < vesc: go up and come back down 
2) v = vesc: stop when infinitely far away 
3) v > vesc: reach coasting velocity

Same is true if all particles exploding away from each other
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Friedmann Equation

11

Master equation of the universe

✓
ȧ

a

◆2

=
8⇡G

3c2
u(t) +

c2

r2c,0

1

a(t)2
+

⇤

3

<latexit sha1_base64="FQwInNuEbYVtzjpSsVvmbXWc0xg="></latexit>

Hubble parameter 
(Speed of expansion) “Energy density” 

(Sum of rest mass & KE of all 
particles + radiation)

Curvature of space 
(Flat =0, spherical <0, or hyperbolic >0 geometry?)

Cosmological constant 
(Dark energy)
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u < ucrit

<latexit sha1_base64="i89g0xC/6uDadZm18Q3IANKss94=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQiqOCi6MZlBfuANoTJdNIOnUnCPAol9E/cuFDErX/izr9x2mahrQcuHM65l3vviTLOlPa8b6e0tr6xuVXeruzs7u0fuIdHLZUaSWiTpDyVnQgryllCm5ppTjuZpFhEnLaj0f3Mb4+pVCxNnvQko4HAg4TFjGBtpdB1DbpFJsx7UiAimZ6GbtWreXOgVeIXpAoFGqH71eunxAiaaMKxUl3fy3SQY6kZ4XRa6RlFM0xGeEC7liZYUBXk88un6MwqfRSn0lai0Vz9PZFjodRERLZTYD1Uy95M/M/rGh1fBzlLMqNpQhaLYsORTtEsBtRnkhLNJ5bg2d+MIDLEEhNtw6rYEPzll1dJ66LmX9ZuHi+r9bsijjKcwCmcgw9XUIcHaEATCIzhGV7hzcmdF+fd+Vi0lpxi5hj+wPn8AcSTkyE=</latexit>

u = ucrit

<latexit sha1_base64="3AJuwDOAr3rtQjy6QL0fQOPEN6Q=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQiqAuh6MZlBfuANoTJdNIOnUnCPAol9E/cuFDErX/izr9x2mahrQcuHM65l3vviTLOlPa8b6e0tr6xuVXeruzs7u0fuIdHLZUaSWiTpDyVnQgryllCm5ppTjuZpFhEnLaj0f3Mb4+pVCxNnvQko4HAg4TFjGBtpdB1DbpFJsx7UiAimZ6GbtWreXOgVeIXpAoFGqH71eunxAiaaMKxUl3fy3SQY6kZ4XRa6RlFM0xGeEC7liZYUBXk88un6MwqfRSn0lai0Vz9PZFjodRERLZTYD1Uy95M/M/rGh1fBzlLMqNpQhaLYsORTtEsBtRnkhLNJ5bg2d+MIDLEEhNtw6rYEPzll1dJ66LmX9ZuHi+r9bsijjKcwCmcgw9XUIcHaEATCIzhGV7hzcmdF+fd+Vi0lpxi5hj+wPn8AcYkkyI=</latexit>

u > ucrit

<latexit sha1_base64="c3HBCKwQ6P96ugRbTA1DtGoA0VE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQiqBspunFZwT6gDWEynbRDZ5Iwj0IJ/RM3LhRx65+482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/sH7uFRS6VGEtokKU9lJ8KKcpbQpmaa004mKRYRp+1odD/z22MqFUuTJz3JaCDwIGExI1hbKXRdg26RCfOeFIhIpqehW/Vq3hxolfgFqUKBRuh+9fopMYImmnCsVNf3Mh3kWGpGOJ1WekbRDJMRHtCupQkWVAX5/PIpOrNKH8WptJVoNFd/T+RYKDURke0UWA/VsjcT//O6RsfXQc6SzGiakMWi2HCkUzSLAfWZpETziSV49jcjiAyxxETbsCo2BH/55VXSuqj5l7Wbx8tq/a6IowwncArn4MMV1OEBGtAEAmN4hld4c3LnxXl3PhatJaeYOYY/cD5/AMe1kyM=</latexit>

⇤ > 0

<latexit sha1_base64="pN4dBk7/qi5XryOkWnvuTRuHCGk=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMiqBspunHhooJ9wHQomUymDc0kQ3JHKEM/w40LRdz6Ne78G9N2Ftp6IHA451xy7wlTwQ247rdTWlldW98ob1a2tnd296r7B22jMk1ZiyqhdDckhgkuWQs4CNZNNSNJKFgnHN1O/c4T04Yr+QjjlAUJGUgec0rASn7v3kYjgq+x26/W3Lo7A14mXkFqqECzX/3qRYpmCZNABTHG99wUgpxo4FSwSaWXGZYSOiID5lsqScJMkM9WnuATq0Q4Vto+CXim/p7ISWLMOAltMiEwNIveVPzP8zOIL4OcyzQDJun8ozgTGBSe3o8jrhkFMbaEUM3trpgOiSYUbEsVW4K3ePIyaZ/VvfP61cN5rXFT1FFGR+gYnSIPXaAGukNN1EIUKfSMXtGbA86L8+58zKMlp5g5RH/gfP4AtoiQPw==</latexit>
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Our universe 
(we think)

Fractions 
relative to the 
critical density

a(
t)

<latexit sha1_base64="mr3PUP3kmwiN9l9cC1W4J+51sjk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkoN6KXjxWsB/QhrLZbtqlu0nYnQgl9C948aCIV/+QN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8SpZrzJYhnrTkANlyLiTRQoeSfRnKpA8nYwvpv57SeujYijR5wk3Fd0GIlQMIoziVbwol8qu1V3DrJKvJyUIUejX/rqDWKWKh4hk9SYrucm6GdUo2CST4u91PCEsjEd8q6lEVXc+Nn81ik5t8qAhLG2FSGZq78nMqqMmajAdiqKI7PszcT/vG6K4bWfiShJkUdssShMJcGYzB4nA6E5QzmxhDIt7K2EjaimDG08RRuCt/zyKmldVr1a9eahVq7f5nEU4BTOoAIeXEEd7qEBTWAwgmd4hTdHOS/Ou/OxaF1z8pkT+APn8wdiiI3U</latexit>
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Many different kinds of 
observations agree

microwave

optical/IR
X-ray

What happens if we roll back the 
clock to the early universe?
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At some point in the past, universe so hot it is ionized —> opaque

�T

<latexit sha1_base64="wF5c+69LXfyQwHZYDmbZJcmqA5g=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxW6Be0S8mm2TY0ya5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLC2vrG5Vdwu7ezu7R+UD49aJk41ZU0ai1h3QmKY4Io1LbeCdRLNiAwFa4fju5nffmLa8Fg17CRhgSRDxSNOiXVSp2f4UJJ+o1+ueFVvDrxK/JxUIEe9X/7qDWKaSqYsFcSYru8lNsiItpwKNi31UsMSQsdkyLqOKiKZCbL5vVN85pQBjmLtSlk8V39PZEQaM5Gh65TEjsyyNxP/87qpja6DjKsktUzRxaIoFdjGePY8HnDNqBUTRwjV3N2K6YhoQq2LqORC8JdfXiWti6p/Wb15uKzUbvM4inACp3AOPlxBDe6hDk2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx/+sY/2</latexit>

� ⇠ 0

<latexit sha1_base64="QxQEz5Y6hiYMzkO5PUdYoLFYvNo=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZEUHdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tem7Sy09cDlHs65l9ycMBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUNHGqKWvQWMS6HRLDBFesYbkVrJ1oRmQoWCsc3c381phpw2P1aCcJCyQZKB5xSqyTgq7hA0mwaxJ7vXLFq3pz4FXi56QCOeq98le3H9NUMmWpIMZ0fC+xQUa05VSwaambGpYQOiID1nFUEclMkM2PnuIzp/RxFGtXyuK5+nsjI9KYiQzdpCR2aJa9mfif10ltdB1kXCWpZYouHopSgW2MZwngPteMWjFxhFDN3a2YDokm1LqcSi4Ef/nLq6R5UfUvqzcPl5XabR5HEU7gFM7BhyuowT3UoQEUnuAZXuENjdELekcfi9ECyneO4Q/Q5w/ig5GK</latexit>

(except for specific 
wavelengths)
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Near perfect BB everywhere on the sky

16

dT/T ~ 10-3
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Spatial variations on different scales

17

dT > 3 mK

dT ~ 3.353 mK

dT ~ 0.018 mK
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Fluctuations in the CMB become the 
large scale structure of galaxies, 

clusters, and superclusters we see 
today
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amount of normal matter is 
not enough to explain the 

gravity we observe

Go further back, hot enough for H—>He fusion
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Way further back: origin of structure (inflation?)

21

Initial quantum density perturbations 
amplified by Inflation after the Big Bang.

D
en
si
ty

Space

early

Space

D
en
si
ty

later

Called Hierarchical Structure Formation
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Universe is 
opaque 

Electrons & 
ions combine 

(recombination) 

Universe gets 
ionized again 
(reionization)

22
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The Deep 
Future 

(maybe?)

23

Primordial Era 
Stelliferous Era 
Degenerate Era 
Black Hole Era 
Dark Era

105 yr 
1014 yr 
1039 yr 
10100 yr 
infinity?


