
Dark Matter
ASTR 333/433

TODAY
Galactic Rotation

Homework 1 
Due Now



• Flat rotation curves (Rubin-Bosma Law) 

• Tully-Fisher relation (Luminous, Stellar Mass, and Baryonic TF relations) 

• Central density relation (lower surface brightness galaxies exhibit larger mass discrepancies) 

• Renzo’s rule (Sancisi’s Law) 

• Radial acceleration relation

Rotation curves tend asymptotically towards a constant rotation 
velocity that persists to indefinitely large radii:

The baryonic mass of galaxies scales as the 
fourth power of the flat rotation velocity: Mb = AV 4

f
<latexit sha1_base64="n/ZqwIctYkrswvnH8ie/bnDvHwM=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgQIl68CBHMA5J1mZ3MJkNmH870CiHkJ7wonhR/xl/wb5wke0liwUBRVUN3tZ9IodG2f63c2vrG5lZ+u7Czu7d/UDw8auo4VYw3WCxj1fap5lJEvIECJW8nitPQl7zlD2+nfuuFKy3i6BFHCXdD2o9EIBhFI7n3nk+uyQ1pesFTxSuW7LI9A1klTkZKkKHuFX+6vZilIY+QSap1x7ETdMdUoWCSTwrdVPOEsiHt8/Fs1Qk5M1KPBLEyL0IyUxdyNNR6FPomGVIc6GVvKv7ndVIMqu5YREmKPGLzQUEqCcZk2pv0hOIM5cgQypQwGxI2oIoyNNcpmOrOctFV0rgoX5Xth0qpVs1ukIcTOIVzcOASanAHdWgAg2d4g0/4sqT1ar1bH/Nozsr+HMMCrO8/tk6MCQ==</latexit><latexit sha1_base64="n/ZqwIctYkrswvnH8ie/bnDvHwM=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgQIl68CBHMA5J1mZ3MJkNmH870CiHkJ7wonhR/xl/wb5wke0liwUBRVUN3tZ9IodG2f63c2vrG5lZ+u7Czu7d/UDw8auo4VYw3WCxj1fap5lJEvIECJW8nitPQl7zlD2+nfuuFKy3i6BFHCXdD2o9EIBhFI7n3nk+uyQ1pesFTxSuW7LI9A1klTkZKkKHuFX+6vZilIY+QSap1x7ETdMdUoWCSTwrdVPOEsiHt8/Fs1Qk5M1KPBLEyL0IyUxdyNNR6FPomGVIc6GVvKv7ndVIMqu5YREmKPGLzQUEqCcZk2pv0hOIM5cgQypQwGxI2oIoyNNcpmOrOctFV0rgoX5Xth0qpVs1ukIcTOIVzcOASanAHdWgAg2d4g0/4sqT1ar1bH/Nozsr+HMMCrO8/tk6MCQ==</latexit><latexit sha1_base64="n/ZqwIctYkrswvnH8ie/bnDvHwM=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgQIl68CBHMA5J1mZ3MJkNmH870CiHkJ7wonhR/xl/wb5wke0liwUBRVUN3tZ9IodG2f63c2vrG5lZ+u7Czu7d/UDw8auo4VYw3WCxj1fap5lJEvIECJW8nitPQl7zlD2+nfuuFKy3i6BFHCXdD2o9EIBhFI7n3nk+uyQ1pesFTxSuW7LI9A1klTkZKkKHuFX+6vZilIY+QSap1x7ETdMdUoWCSTwrdVPOEsiHt8/Fs1Qk5M1KPBLEyL0IyUxdyNNR6FPomGVIc6GVvKv7ndVIMqu5YREmKPGLzQUEqCcZk2pv0hOIM5cgQypQwGxI2oIoyNNcpmOrOctFV0rgoX5Xth0qpVs1ukIcTOIVzcOASanAHdWgAg2d4g0/4sqT1ar1bH/Nozsr+HMMCrO8/tk6MCQ==</latexit>

V (R ! 1) ! Vf
<latexit sha1_base64="IAlY7QjdQLgoLu5hKSA9ic51xO8=">AAACBXicbVBPS8MwHE39O+e/qkcvwSHOy+hEcN4GXjxOsdtgHSXN0i0sTUvyq1LG7l78Kl4UT4pXv4LfxmzrZZsPAo/3XkjeCxLBNTjOr7Wyura+sVnYKm7v7O7t2weHTR2nijKXxiJW7YBoJrhkLnAQrJ0oRqJAsFYwvJn4rUemNI/lA2QJ60akL3nIKQEj+fZZs3yPPcX7AyBKxU/Y4zKE7HxOa/qhb5ecijMFXibVnJRQjoZv/3i9mKYRk0AF0bpTdRLojogCTgUbF71Us4TQIemz0bTGGJ8aqYfDWJkjAU/VuRyJtM6iwCQjAgO96E3E/7xOCmGtO+IySYFJOnsoTAWGGE82wT2uGAWRGUKo4uaHmA6IIhTMckVTvbpYdJm4F5XrinN3WarX8g0K6BidoDKqoitUR7eogVxE0Qt6Q5/oy3q2Xq1362MWXbHyO0doDtb3H87ZmAk=</latexit><latexit sha1_base64="IAlY7QjdQLgoLu5hKSA9ic51xO8=">AAACBXicbVBPS8MwHE39O+e/qkcvwSHOy+hEcN4GXjxOsdtgHSXN0i0sTUvyq1LG7l78Kl4UT4pXv4LfxmzrZZsPAo/3XkjeCxLBNTjOr7Wyura+sVnYKm7v7O7t2weHTR2nijKXxiJW7YBoJrhkLnAQrJ0oRqJAsFYwvJn4rUemNI/lA2QJ60akL3nIKQEj+fZZs3yPPcX7AyBKxU/Y4zKE7HxOa/qhb5ecijMFXibVnJRQjoZv/3i9mKYRk0AF0bpTdRLojogCTgUbF71Us4TQIemz0bTGGJ8aqYfDWJkjAU/VuRyJtM6iwCQjAgO96E3E/7xOCmGtO+IySYFJOnsoTAWGGE82wT2uGAWRGUKo4uaHmA6IIhTMckVTvbpYdJm4F5XrinN3WarX8g0K6BidoDKqoitUR7eogVxE0Qt6Q5/oy3q2Xq1362MWXbHyO0doDtb3H87ZmAk=</latexit><latexit sha1_base64="IAlY7QjdQLgoLu5hKSA9ic51xO8=">AAACBXicbVBPS8MwHE39O+e/qkcvwSHOy+hEcN4GXjxOsdtgHSXN0i0sTUvyq1LG7l78Kl4UT4pXv4LfxmzrZZsPAo/3XkjeCxLBNTjOr7Wyura+sVnYKm7v7O7t2weHTR2nijKXxiJW7YBoJrhkLnAQrJ0oRqJAsFYwvJn4rUemNI/lA2QJ60akL3nIKQEj+fZZs3yPPcX7AyBKxU/Y4zKE7HxOa/qhb5ecijMFXibVnJRQjoZv/3i9mKYRk0AF0bpTdRLojogCTgUbF71Us4TQIemz0bTGGJ8aqYfDWJkjAU/VuRyJtM6iwCQjAgO96E3E/7xOCmGtO+IySYFJOnsoTAWGGE82wT2uGAWRGUKo4uaHmA6IIhTMckVTvbpYdJm4F5XrinN3WarX8g0K6BidoDKqoitUR7eogVxE0Qt6Q5/oy3q2Xq1362MWXbHyO0doDtb3H87ZmAk=</latexit>

Empirical Laws of Galactic Rotation

The central dynamical surface densities of galaxies 
is related to their central surface brightnesses: ⌃dyn(R ! 0) = f [⌃⇤(R ! 0)]
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“For any feature in the luminosity profile there is a corresponding 
feature in the rotation curve and vice versa.” (Sancisi 2004).

The observed centripetal acceleration is related to that 
predicted by the observed distribution of baryons: gobs = F(gbar)
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Rotation curves tend to 
become flat at large radii

Optical data from
Rubin, Thonnard, & Ford 1978, ApJ, 225, L107
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Radio data from
Bosma 1981, AJ, 86, 1825 ...and stay pretty flat to 

the largest radii probed

Historically, 21cm data were an 
important independent validation 
that flat rotation curves persisted 
to much larger radii than could 
be explained by the observed 
luminous mass.

See IAU Symposium 100 pp. 87-88 
(Kalnajs on mass models)
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NGC 6946 velocity field

THINGS (Walter et al. 2008; de Blok et al. 2008)
V sini = Vsys + Vc cosθ + Vr sinθ



titled ring modelRotation curves 
extracted using “tilted 
ring” fits

Fit ellipses that most 
closely match the 
circular velocity at a 
given radius.  In 
principle, get ellipse 
center, position angle, 
axis ratio, inclination, 
and rotation velocity.  
In practice, usually have 
to fix some of these 
parameters.

velocity 
variation 
along ring



NGC 6946

Boomsma 2005: HI

baryons

Vflat



de Blok et al. (2008 [THINGS]):
“We do not find steep declines in velocity in the outer rotation curves of NGC 3521, NGC 7793, DDO 
154, and NGC 2366. Where declines are observed, they are gentler, and (within the uncertainties in 
rotation velocity and inclination) consistent with flat rotation curves.”

DDO 154
Cases where rotation 
curves were thought to 
perhaps be declining have 
so far turned out to flatten.
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DDO 154

inclination

stars

(optical)

atomic gas

(21 cm)

rotation curve

(21 cm)
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NGC 3198



NGC 3198
observed 

velocity field
model 

velocity field
residual 

velocity field

major axis 
position-velocity 

diagram

minor axis 
position-velocity 

diagram

optical image

21cm image

rotation curve

inclination

position angle
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Tully-Fisher: Rotation curve amplitude 
correlates with observed mass:

Flat rotation curves continue to occur in quite 
small systems (e.g., Leo P with Vf ~ 15 km/s)
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Tully & Fisher (1977)
Great for distance scale work.

But why does it happen?



Observables
• Luminosity (must calibrate with known D)

• Band pass (BVRIJHK) [slope varies with band]

• Mass - stars, gas, stars+gas

• Rotation Velocity

• line-widths; rotation curves

• W20, W50; Vflat, V2.2, Vmax

• inclination corrections

• turbulence/non-circular motions

1/ sin(i)



• Band pass

• slope becomes steeper from bluer to redder 
bands (B  I  H)

• Worry about internal extinction, especially 
for blue bands and highly inclined galaxies

• Mass

• Can convert luminosity to stellar mass by 
estimating the stellar M/L via population 
modeling. 

• IMF biggest systematic uncertainty

Luminosity measures



NGC 6946

What we measure
• Luminosity

• Stellar Mass
• Gas: HI, H2

• Rotation speed
• line-width
• rotation curve

Rotation curve data from
Boomsma et al (2008) [HI]
Daigle et al (2006) [Ha]
Blais-Ouellette et al (2004) [Ha]

Mass model built from
2MASS K-band data (SSM)

VflatVp

Vmax

Vp ≈ V2.2

Uncertainties
• Distance

• Stellar M*/L
• HI flux, X-factor

• velocity dispersion
• inclination
• asymmetric drift



outer (flat) velocity maximum velocity peak velocity

THINGS data (Walter et al 2008)



Velocity estimators:

W20 W50

Vflat

Vp

Vmax

W20 W50

THINGS data
(Walter et al 2008)

Different velocity measurements 
correlate but are not identical. 
TF relations fit using line-widths 
will differ from those fit using 
resolved rotation curves.



Luminosity and line-width are 
presumably proxies for stellar mass 
and rotation velocity.

line-width

Sakai et al. (2001)

Bothun et al. (1985)
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Tully-Fisher relation


