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Mass & Angular Momentum

Mass ~ 2.6 x 1011 Msun Mass ~ 2.6 x 1011 Msun

J ~ 8 x 1014 Msun kpc km/s J ~ 2 x 1014 Msun kpc km/s 

• Galaxy structure & morphology

• Scaling laws: mass-velocity, mass-size…

• Mass — Angular momentum: 
      - fundamental quantities 
      - independent quantities 
      - subject to conservation laws



Mass & Angular Momentum

Fall (1983)

• j — M: the “Fall relation”

• Physical galaxy classification

• Morphology and size as a consequence of 
angular momentum

• Galaxy structure & morphology

• Scaling laws: mass-velocity, mass-size…

• Mass — Angular momentum: 
      - fundamental quantities 
      - independent quantities 
      - subject to conservation laws



Measuring angular momentum in stars
⃗j* = ⃗r* × ⃗v *

Romanowsky & Fall (2012) 
Obreschkow & Glazebrook (2014) 

Butler et al. (2017) 
Elson (2017) 

Kurapati et al. (2018) 
Fall & Romanowsky (2018) 

[…]
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Measuring angular momentum in stars

Good infrared photometry (3.6µm)



Measuring angular momentum in stars
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Good infrared photometry (3.6µm)

Extended rotation curves (HI)



0 2 4 6 8 10
R/Rd

0.0

0.2

0.4

0.6

0.8

1.0

j ⇤
/2

R
d
V

fl
at

Measuring angular momentum in stars

Good infrared photometry (3.6µm)
~50% of AM 
outside 2RdExtended rotation curves (HI)



Measuring angular momentum in stars

Good infrared photometry (3.6µm)

Extended rotation curves (HI)

• j* increases with radius 

• Most AM is in the outskirts of galaxies 

• j* profile flattens out at about ~5 Rd 

• For exponential discs with flat Vrot:
j* = 2RdVflat
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Measuring angular momentum in stars

Good infrared photometry (3.6µm)

Extended rotation curves (HI)

• j* increases with radius 

• Most AM is in the outskirts of galaxies 

• j* profile flattens out at about ~5 Rd 

• For exponential discs with flat Vrot:
j* = 2RdVflat
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Measuring angular momentum in stars

Good infrared photometry (3.6µm)

Extended rotation curves (HI)

• j* increases with radius 

• Most AM is in the outskirts of galaxies 

• j* profile flattens out at about ~5 Rd 

• For exponential discs with flat Vrot:
j* = 2RdVflat
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SPARC: 175 galaxies with accurate HI rotation 
curves and 3.6µm photometry (Lelli et al. 2016)



Measuring angular momentum in stars

• Spirals of all types,  

• Same analysis from dwarfs to high-mass 

• Asymmetric drift correction to get V*,rot 

• Consider only galaxies with observed 
converged j* profiles
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curves and 3.6µm photometry (Lelli et al. 2016)

6.5 ≲ log M*/M⊙ ≲ 11.5

Posti et al. (2018b)



The Fall relation in the nearby Universe
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• Tight, single, unbroken 
power-law

• Valid for all masses: from 
dwarfs to high-mass

• Residuals correlate with 
morphology



The Fall relation in the nearby Universe
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What do we learn from the Fall relation?

Tidal Torque Theory (TTT)
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What do we learn from the Fall relation?

Tidal Torque Theory (TTT)
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Tidal Torque Theory (TTT)
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<latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit>

f⇤ ⌘ M⇤
fb M�

<latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit>
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<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>
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What do we learn from the Fall relation?

Tidal Torque Theory (TTT)
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<latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit><latexit sha1_base64="cn1TqRgahOC35lvmaWaiRN2TJVw=">AAACLHicbVBbS8MwGE29znmr+uhLcAg+zXYK+iIM54MIwgR3gbWWNE23uPRCkgqj9Af54l8RxAeH+OrvMNs60M0DgcM535fkHDdmVEjDGGoLi0vLK6uFteL6xubWtr6z2xRRwjFp4IhFvO0iQRgNSUNSyUg75gQFLiMtt18b+a0nwgWNwns5iIkdoG5IfYqRVJKj1x4d64owieAFtHyOcHqTC1l6O2XQinkUywhaTN3sITh1HtLK8Unm6CWjbIwB54mZkxLIUXf0N8uLcBKQUGKGhOiYRiztFHFJMSNZ0UoEiRHuoy7pKBqigAg7HYfN4KFSPOhHXJ1QwrH6eyNFgRCDwFWTAZI9MeuNxP+8TiL9czulYZxIEuLJQ37CoMo9ag56lBMs2UARhDlVf4W4h1RlUvVbVCWYs5HnSbNSNo2yeXdaql7mdRTAPjgAR8AEZ6AKrkEdNAAGz+AVfICh9qK9a5/a12R0Qct39sAfaN8/QMWnlw==</latexit>

f⇤ ⌘ M⇤
fb M�

<latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit>
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<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>
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Fall & Efstathiou (1980) 
Dalcanton et al. (1997) 

Mo, Mao & White (1998) 
[…]



What do we learn from the Fall relation?
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What do we learn from the Fall relation?
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What do we learn from the Fall relation?
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<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>

j⇤ / [� fj f
�2/3
⇤ ]M2/3

⇤
<latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit>
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What do we learn from the Fall relation?

f⇤ ⌘ M⇤
fb M�

<latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit>

fj ⌘
j⇤
j�

<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>

j⇤ / [� fj f
�2/3
⇤ ]M2/3

⇤
<latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit>
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What do we learn from the Fall relation?

f⇤ ⌘ M⇤
fb M�

<latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit><latexit sha1_base64="28WvpuKXxSpHAl16hM964W3HWec=">AAACE3icbVDJSgNBEO1xjXGLevTSGAQRCTMi6DGoBy9CBLNAJgw9nZqkSc9id00gDPkHL/6KFw+KePXizb+xsxw08UHB6/eq6KrnJ1JotO1va2FxaXllNbeWX9/Y3Nou7OzWdJwqDlUey1g1fKZBigiqKFBCI1HAQl9C3e9djfx6H5QWcXSPgwRaIetEIhCcoZG8wnHguUwjdeEhFX3qBorx7HasDbPA890T87gGiWzoFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG980pIdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBRSsTUZIiRHzyUZBKijEdBUTbQgFHOTCEcSXMrpR3mYkFTYx5E4Ize/I8qZ2WHLvk3J0Vy5fTOHJknxyQI+KQc1ImN6RCqoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AC+Inlc=</latexit>

fj ⌘
j⇤
j�

<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>

j⇤ / [� fj f
�2/3
⇤ ]M2/3

⇤
<latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit><latexit sha1_base64="Txmp/6wHTX1eNmGzOLE9g+tIVeU=">AAACI3icbVC7TsMwFHXKq5RXgJHFokJiKCUpSCCmChYWpCLRh5SEyHGd1q3zkO0gVVH/hYVfYWEAVSwM/AtOmwFarmTr3HPukX2PFzMqpGF8aYWl5ZXVteJ6aWNza3tH391riSjhmDRxxCLe8ZAgjIakKalkpBNzggKPkbY3vMn09hPhgkbhgxzFxAlQL6Q+xUgqytWvBq6NhIR2zKNYRtCymTJ3kV3x3UF2ZepjelI7PRs7duUu77PW1ctG1ZgWXARmDsogr4arT+xuhJOAhBIzJIRlGrF0UsQlxYyMS3YiSIzwEPWIpWCIAiKcdLrjGB4ppgv9iKsTSjhlfztSFAgxCjw1GSDZF/NaRv6nWYn0L52UhnEiSYhnD/kJgyqMLDDYpZxgyUYKIMyp+ivEfcQRlirWkgrBnF95EbRqVdOomvfn5fp1HkcRHIBDcAxMcAHq4BY0QBNg8AxewTv40F60N22ifc5GC1ru2Qd/Svv+AZe/o5I=</latexit>

107 108 109 1010 1011

Mass/M�

101

102

103

104

A
ng

ul
ar

M
om

en
tu

m
/k

p
c
km

s�
1 Posti + 18

bary
ons

dark
 m

att
er

stars

halo mass

st
el

la
r/

ha
lo

 m
as

s constant fj = 1 



What do we learn from the Fall relation?
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fj must vary as a function of mass

fj closely follows f*
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What do we learn from the Fall relation?

f⇤ ⌘ M⇤
fb M�
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<latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit><latexit sha1_base64="CbmWFGM+Si9RS6ZExe0Qh+EMJis=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYNaWEYwD8iGZXZyN5lk9uHM3UBY0tv4KzYWitj6A3b+jZNHoYkHLvdwzr3M3OMnUmi07W9rZXVtfWMzt5Xf3tnd2y8cHNZ1nCoONR7LWDV9pkGKCGooUEIzUcBCX0LDH1xP/MYQlBZxdI+jBNoh60YiEJyhkbxCMfD61IWHVAypGyjGs77nMo3jSb8BiWzsFUp22Z6CLhNnTkpkjqpX+HI7MU9DiJBLpnXLsRNsZ0yh4BLGeTfVkDA+YF1oGRqxEHQ7m94ypidG6dAgVqYipFP190bGQq1HoW8mQ4Y9vehNxP+8VorBZTsTUZIiRHz2UJBKijGdBEM7QgFHOTKEcSXMXynvMZMImvjyJgRn8eRlUj8rO3bZuTsvVa7mceTIMSmSU+KQC1Iht6RKaoSTR/JMXsmb9WS9WO/Wx2x0xZrvHJE/sD5/AIIem1g=</latexit>

fj closely follows f*
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Which are the implications for galaxy formation?

star formation

cooling time

angular momentum

Rout

• Star formation proceeds inside-out: 
      from low-j to high-j gas

• Baryonic collapse is biased to low-j 
material
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cooling time
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• Star formation proceeds inside-out: 
      from low-j to high-j gas

• Baryonic collapse is biased to low-j 
material

• If angular momentum is distributed as

j(< r) / Mgas(< r)s

) fj = fs
⇤

<latexit sha1_base64="feg7Y+jKhHJ231T/jpvaEfsCPMM=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZLPMTmaTMbMPZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/EQKjbb9bRVWVtfWN4qbpa3tnd298v5BU8epYrzBYhmrtk81lyLiDRQoeTtRnIa+5C1/dDP1W49caRFH9zhOuBvSQSQCwSgaqRd4D1eB16Uae5meeOWKXbVnIMvEyUkFctS98le3H7M05BEySbXuOHaCbkYVCib5pNRNNU8oG9EB7xga0ZBrN5tdPSEnRumTIFamIiQz9fdERkOtx6FvOkOKQ73oTcX/vE6KwaWbiShJkUdsvihIJcGYTCMgfaE4Qzk2hDIlzK2EDamiDE1QJROCs/jyMmmeVR276tydV2rXeRxFOIJjOAUHLqAGt1CHBjBQ8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QO3E5Kk</latexit><latexit sha1_base64="feg7Y+jKhHJ231T/jpvaEfsCPMM=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZLPMTmaTMbMPZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/EQKjbb9bRVWVtfWN4qbpa3tnd298v5BU8epYrzBYhmrtk81lyLiDRQoeTtRnIa+5C1/dDP1W49caRFH9zhOuBvSQSQCwSgaqRd4D1eB16Uae5meeOWKXbVnIMvEyUkFctS98le3H7M05BEySbXuOHaCbkYVCib5pNRNNU8oG9EB7xga0ZBrN5tdPSEnRumTIFamIiQz9fdERkOtx6FvOkOKQ73oTcX/vE6KwaWbiShJkUdsvihIJcGYTCMgfaE4Qzk2hDIlzK2EDamiDE1QJROCs/jyMmmeVR276tydV2rXeRxFOIJjOAUHLqAGt1CHBjBQ8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QO3E5Kk</latexit><latexit sha1_base64="feg7Y+jKhHJ231T/jpvaEfsCPMM=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZLPMTmaTMbMPZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/EQKjbb9bRVWVtfWN4qbpa3tnd298v5BU8epYrzBYhmrtk81lyLiDRQoeTtRnIa+5C1/dDP1W49caRFH9zhOuBvSQSQCwSgaqRd4D1eB16Uae5meeOWKXbVnIMvEyUkFctS98le3H7M05BEySbXuOHaCbkYVCib5pNRNNU8oG9EB7xga0ZBrN5tdPSEnRumTIFamIiQz9fdERkOtx6FvOkOKQ73oTcX/vE6KwaWbiShJkUdsvihIJcGYTCMgfaE4Qzk2hDIlzK2EDamiDE1QJROCs/jyMmmeVR276tydV2rXeRxFOIJjOAUHLqAGt1CHBjBQ8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QO3E5Kk</latexit><latexit sha1_base64="feg7Y+jKhHJ231T/jpvaEfsCPMM=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjBPOAZLPMTmaTMbMPZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/EQKjbb9bRVWVtfWN4qbpa3tnd298v5BU8epYrzBYhmrtk81lyLiDRQoeTtRnIa+5C1/dDP1W49caRFH9zhOuBvSQSQCwSgaqRd4D1eB16Uae5meeOWKXbVnIMvEyUkFctS98le3H7M05BEySbXuOHaCbkYVCib5pNRNNU8oG9EB7xga0ZBrN5tdPSEnRumTIFamIiQz9fdERkOtx6FvOkOKQ73oTcX/vE6KwaWbiShJkUdsvihIJcGYTCMgfaE4Qzk2hDIlzK2EDamiDE1QJROCs/jyMmmeVR276tydV2rXeRxFOIJjOAUHLqAGt1CHBjBQ8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QO3E5Kk</latexit>
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Dutton & van den Bosch (2012) 

Romanowsky & Fall (2012)

e.g. Bullock et al. (2001)
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fj = fs
⇤
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Conclusions

• The j-M relation (“Fall relation”) is amongst the most fundamental laws of galaxy structure

• Most of the angular momentum is in the outskirts: need extended rotation curves (HI)! 

• The Fall relation is a single, unbroken power-law from dwarf to massive spirals

• The retained fraction of angular momentum follows the star formation efficiency

log fj ∝ log f*
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