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•  The rotation speed of galaxies tends to become approximately 
constant at large radii, a condition which persists indefinitely



•  The baryonic mass of a galaxy is proportional to the fourth 
power of the flat rotation speed.

scatter greater & 
slope shallower 
if line-widths used

Mb = AV 4
f
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range of calibrations



No residuals from TF with 
size or surface brightness

Enclosed dynamical M/L 
anti-correlates with surface 
brightness

(Zwaan et al. 1995)



McGaugh (2014) [review]

M =
V 2R

G
R = Rpwith

Same result for any optically defined length scale
You get what you assume.

LSBs dark matter dominated

HSBs not so much

B-band data
K-band data
[3.6] data



Rubin

Verheijen

Begeman

Broeils

•  Mass is coupled to light

Rotation curve shape depends on the baryon distribution



Light and Mass
• Many indications of a strong connection between the 

distribution of baryons and the dynamics:

• Rotation curve shape correlates with luminosity 
(Rubin et al. 1980)  [not just amplitude as in TF]

• Universal Rotation Curve (Persic & Salucci 1996)

• Central Density Relation (Lelli et al. 2017)

• Renzo’s Rule (Sancisi 2004)

• Mass Discrepancy-Acceleration Relation 
(McGaugh 1998, 2004)

• Related to the Radial Acceleration Relation (McGaugh et al. 2016)



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

Rotation curve
shapes correlate
with galaxy properties



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



Universal Rotation curve (Persic & Salucci 1991)

V(R/Ropt) correlates with Luminosity.

NOT just V(R) - must be normalized by optical size Ropt

Ropt variously defined; usually proportional to the exponential disk scale length Rd.



Universal Rotation curve 
(Persic, Salucci & Stel 1996)

V(R/Ropt) correlates with Luminosity.

Bright galaxies have steeply rising rotation curves 
that slowly decline towards the flat velocity.


Faint galaxies have slowly rising rotation curves 
that gradually approach the flat velocity.

Tully-Fisher

W20 / Vmax



URC not quite right
Noordermeer et al. (2007)
[solid lines URC prediction]



near-IR mass models



Radius in physical units (kpc)

Rp

Vp

Rp

Vp



Rp

Vp

Rp

Vp

High mass galaxy Low mass galaxy



Just looking at the peak radius

central baryonic surface density

acceleration at peak of baryonic rotation curve

Gravitational force is related to the baryonic surface density

a � �1/2
b

⌃b =
3Mb

4R2
p

Pseudo-exponential disk including 
bulge & gas as well as disk stars

a ⇠
⌃ b
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At all radii, the baryonic surface density correlates

with the acceleration (gravitational force per unit mass)

optical mass models



•  The Central density relation

The Central mass surface density 
correlates with surface brightness

⌃dyn(0) =
1

2⇡G

Z 1

0

V 2(R)

r2
dR

Dynamical mass surface density

Central surface brightness 
(e.g., of exponential disk)



RbReR2.2

Vb

Vf

[3.6] surface brightness profile

Rotation curve

LSB galaxy

Low surface brightness 
galaxies have slowly 
rising rotation curves



Rb Re R2.2

Vb

Vf

[3.6] surface brightness profile

Rotation curve

HSB galaxy

High surface brightness 
galaxies have rapidly 
rising rotation curves



Rb Re R2.2

Vb

Vf

[3.6] surface brightness profile

Rotation curve

HSB galaxy

High surface brightness 
galaxies have rapidly 
rising rotation curves

UGCA442



⌃dyn(0) =
1

2⇡G

Z 1

0

V 2(R)

r2
dR
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The central dynamical surface density measured by the inner rotation curve 
gradient correlates with the central surface brightness (more so than mass).

Light predicts mass.  X & Y axes are independent.

Toomre (1963)

central surface brightness stellar mass
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central surface brightness stellar mass

Low surface brightness galaxies are dark matter dominated.

Ligh
t =

 M
ass

 

No dark
 m

att
er 

nece
ssa

ry

Need dark matter

Toomre (1963)

The central dynamical surface density measured by the inner rotation curve 
gradient correlates with the central surface brightness (more so than mass).



Oman et al. (2015, MNRAS, 452, 3650) - rotation curve “diversity”

Galaxies of the same mass should have the same V(R). Instead, they have more like the same V(R/Rd).



If you measure V(R in kpc) you infer diversity.

If you measure V(R in scale lengths) you infer uniformity.

The mass knows about the scale length of the light.

What you get depends on how you look at it: what you assume & what you choose to measure:



• Renzo’s Rule:  (2004 IAU; 1995 private communication)
“When you see a feature in the light, you see a 
corresponding feature in the rotation curve.”



In NGC 6946, a tiny bulge 
(just 4% of the total light) 
leaves a distinctive mark.

V2 = GM/R

M is small 
but so is R



In NGC 1560,
a marked feature
in the gas is 
reflected in the
kinematics, even
though it accounts 
for little of the 
dynamical mass.

Renzo’s Rule:
“When you see a feature in the light, you see a 
corresponding feature in the rotation curve.”

Gentile et al. (2010)


