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Rotation Curve Shapes



• 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
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V (R ! 1) ! Vf
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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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stellar population models
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Typically, redder colors mean higher mass-to-light ratios
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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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nominal M*/L  (Kroupa IMF)
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Stellar Mass Tully-Fisher relation
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Sakai et al. (2001)

Bothun et al. (1985)

Stellar mass TF steeper than regular TF

because of the color—magnitude relation 
(brighter galaxies are redder) and the 
color—M*/L relation (redder galaxies 
have higher M*/L).



Stark, McGaugh, & Swaters et al. (2009)

If you want to use Vflat, you 
have to observe far enough 
out to measure it. 

Scatter in TF increases as 
quality threshold weakened. 

OK

not flat

meh



Scatter in TF relation reduced with resolved rotation curves (Verheijen 2001)

Stellar Mass TF
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Low mass galaxies tend to fall below 
extrapolation of linear fit to fast 
rotators (Matthews, van Driel, & 
Gallagher 1998; Freeman 1999)

Stellar Mass TF
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Gas mass by itself does NOT 
produce a good TF relation, at least 
for fast rotators.

Gas Mass TF

outer (flat) velocity
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Mg = 1.4MHI



Baryonic TF

Mb = M� + Mg

Adding gas to stellar mass restores 
a single continuous relation for all 
rotators.

Baryonic mass is the important 
physical quantity.  It doesn’t matter 
whether the mass is in stars or in 
gas.
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Low mass galaxies considerably expand range of the TF relation. 
Gas dominated galaxies can provide absolute calibration of mass scale.



Gotta believe the data.

Biggest challenge for low mass 
systems is the inclination 

e.g., Begum et al. (2008) estimate 
inclinations from both optical and 
HI morphology.  Only half agree to 
within 12% in sin(i). 



M⋆ < Mg

Example low line-width, 
gas dominated galaxies 
with

HI

optical

Trachternach et al. (2009)
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Trachternach et al. (2009)
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Note that you can measure a line-width even if there is no evidence of rotation.

Trachternach et al. (2009)



Systematic inclination errors bias data to left of the BTFR.
(A galaxy can be face-on without looking perfectly circular.)Trachternach et al. (2009)

rotation curves

line-widths



Stellar Mass Tully-Fisher relation

line-width outer (flat) velocity
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McGaugh et al. (2000)

Gurovich et al. (2010)

Begum et al. (2008)

Trachternach et al. (2009)

McGaugh (2005)
Stark et al. (2009)
Begum et al. (2008)
Trachternach et al. (2009)



HI Tully-Fisher relation

line-width outer (flat) velocity
ga

s d
om

ina
ted

sta
r d

om
ina

tedX

McGaugh et al. (2000)

Gurovich et al. (2010)

Begum et al. (2008)

Trachternach et al. (2009)

McGaugh (2005)
Stark et al. (2009)
Begum et al. (2008)
Trachternach et al. (2009)



Baryonic Tully-Fisher relation: slope & scatter depend on Velocity estimator

line-width outer (flat) velocity
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McGaugh et al. (2000)

Gurovich et al. (2010)

Begum et al. (2008)

Trachternach et al. (2009)

McGaugh (2005)
Stark et al. (2009)

slope: x = 3.5 slope: x = 4

Begum et al. (2008)
Trachternach et al. (2009)

�M,intrinsic ⇡ 0.2 �M,intrinsic < 0.15
finite intrinsic scatter negligible intrinsic scatter
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Gas dominated galaxies can provide absolute calibration of mass scale.

Systematic errors in M*/L no longer dominate the error budget for 
galaxies with Mg > M*.
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Gas Rich Galaxy Baryonic Tully-Fisher relation 
(Stark et al 2009; Trachternach et al 2009; McGaugh 2011, 2012)



try fits with many different combinations

of IMF and populations synthesis models

select Mg > M⋆

slope x = 3.94± 0.07 (random)± 0.08 (systematic)
Stark, McGaugh, & Swaters (2009, AJ, 138, 392)

A = 47± 6 M⇥ km�4 s4

Mb = A Vfx

Fixing the slope to 4 gives



Tully-Fisher

Luminosity

Provides a check on stellar mass-to-light ratios

flat rotation speed

Dashed line: fit to data 
Solid Gray line: Mb = 47V4

f



flat rotation speed

Tully-Fisher

Stellar mass

Provides a check on stellar mass-to-light ratios

flat rotation speed

log Υ[3.6]
* = 0.5 M⊙/L⊙log ΥI

* = 0.6(B − V ) − 0.28log ΥV
* = 1.3(B − V ) − 0.63

M* = Υi
*Li

The stellar mass-to-light ratio depends on strongly on 
color in V, a bit in I, but is effectively constant at [3.6]

Dashed line: fit to data 
Solid Gray line: Mb = 47V4

f



Tully-Fisher

Baryonic mass

Provides a check on stellar mass-to-light ratios

flat rotation speed

Dashed line: fit to data 
Solid Gray line: Mb = 47V4

f



arXiv:1909.02011
2019 data: Blue: Distances known to better than 20%


Gray: Distances known to worse than 20%

Red: Milky Way

Intrinsic scatter small

(Lelli et al 2016, 2019)

σM ≈ 0.1 dex



Same (M,V) but very different size and surface density

No residuals from TF with size or surface density

V 2 =
GM

R
which is strange, since



No residuals from TF with 
size or surface brightness

(Zwaan et al 1995; 
Sprayberry et al 1995; 
McGaugh & de Blok 1998)



No residuals from TF with size or surface density for disks

V 2 =
GM

R
⇥ � log(V )

� log(R)
= �1

2 expected slope (dotted line)

large range in size at a 
given mass or velocity

Note:

TF already edge-on projection of disk fundamental plane



Baryonic TF Relation
• Fundamentally a relation between the baryonic 

mass of a galaxy and its rotation velocity

• Mb = M* + Mg = 47 Vf4  (McGaugh 2012)

• doesn’t matter if it is stars or gas

• Intrinsic scatter negligibly small

• Can mostly be accounted for by the 
expected variation in stellar M*/L

• Physical basis of the relation remains unclear

Relation has real physical units if slope has integer value -
Slope appears to be 4 if  Vflat is used.



Rubin

Verheijen

Begeman

Broeils

Rotation curve shape depends on the distribution of stars and gas
Rotation curve amplitude depends on the mass of stars and gas (BTFR)



Rubin, Burstein, & Thonnard 1980, ApJ, 242, L149

Rotation curve
shapes correlate
with galaxy properties

known for a long time



Remember our TF pair?

Radius in physical units (kpc)



Radius normalized by size of disk.
Persic & Salucci 1996
de Blok & McGaugh 1996
Tully & Verheijen (1998)
Nordermeer & Verheijen (2007)  [URC nor quite right formulation]
Swaters et al. (2009)

The dynamics knows about the distribution 
of baryons, not just their total mass



Rotation curve shape correlates with baryonic surface density

SPARC data
Lelli et al. (2016, 2017)

102

BTFR only probes

outer flat velocity



Rotation curve shape correlates with baryonic surface density

SPARC data
Lelli et al. (2016, 2017)
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central surface brightness

The dynamical central mass surface density correlates 
with the central surface brightness of stars in galaxies.

Central Density Relation Lelli et al. (2016)
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⌃† ⇡ 900 M� pc�2
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