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What gets us into trouble is not 
what we don’t know.  

It’s what we know for sure that 
just aint so.

- Mark Twain
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Fraternali, Oosterloo, Sancisi, & van Moorsel 2001, ApJ, 562, L47
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V sini = Vsys + Vc cosθ + Vr sinθ

NGC 6822   (Weldrake & de Blok 2003)



stars

gas

baryons

da
rk

matt
er

Vflat



Tully-Fisher relation
between

luminosity/mass
and

rotation speed

Bothun et al. (1985)
H-band



Newton says
V2 = GM/R.
Equivalently,
Σ = M/R2

V4 = G2MΣ

Therefore
Different Σ
should mean
different TF

normalization.

μ = -2.5 logΣ +C

TF Relation



No Residuals from TF rel’n



Requires fine balance between dark & baryonic mass

Phys. Rev. Lett. 95, 171302 (2005)



Renzo’s Rule:

“When you see a feature in the light, you see a 
corresponding feature in the rotation curve.”

(Sancisi 1995, private communication)

The distribution of mass is coupled to the distribution of light.

Quantify by defining the Mass Discrepancy:
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74 galaxies
> 1000 points

(all data)

60 galaxies
> 600 points
(errors < 5%)
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frequency
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K’-band data
(Verheijen 1997)

30 galaxies
220 independent points
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MOND
MOdified Newtonian Dynamics

introduced by Moti Milgrom in 1983

instead of dark matter, suppose the force law changes such that

for  a >> ao,  a ⇒ gN         .

for  a << ao,  a ⇒ √(gNao)

where

gN = GM/R2 

is the usual Newtonain acceleration.
More generally, these limits are connected by a smooth

interpolation fcn μ(a/ao) so that

μ(a/ao) a = gN .
MOND can be interpreted as a modification of either

inertia (F = ma) or gravity (the Poisson eqn).



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
Disk Mass and Vflat 

• No Dependence on Surface 
Brightness 

• Dependence of conventional M/L on 
radius and surface brightness 

• Rotation Curve Shapes 

• Surface Density ~ Surface Brightness 

• Detailed Rotation Curve Fits 

• Stellar Population Mass-to-Light Ratios 

MOND predictions

“Disk Galaxies with low surface brightness 
provide particularly strong tests”

None of the following data existed in 1983.
At that time, LSB galaxies which were widely 

thought not to exist.
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Test TF slope by extrapolation to very low velocities:
(McGaugh 2005)



Pizagno et al. (2005)









• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
Disk Mass and Vflat 

• No Dependence on Surface 
Brightness 

• Dependence of conventional M/L on 
radius and surface brightness 

• Rotation Curve Shapes 

• Surface Density ~ Surface Brightness 

• Detailed Rotation Curve Fits 

• Stellar Population Mass-to-Light Ratios 

MOND predictions

✔
✔
✔

✔

✔



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
Disk Mass and Vflat 

• No Dependence on Surface 
Brightness 

• Dependence of conventional M/L on 
radius and surface brightness 

• Rotation Curve Shapes 

• Surface Density ~ Surface Brightness 

• Detailed Rotation Curve Fits 

• Stellar Population Mass-to-Light Ratios 

MOND predictions

✔
✔
✔

✔

✔

✔



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
Disk Mass and Vflat 

• No Dependence on Surface 
Brightness 

• Dependence of conventional M/L on 
radius and surface brightness 

• Rotation Curve Shapes 

• Surface Density ~ Surface Brightness 

• Detailed Rotation Curve Fits 

• Stellar Population Mass-to-Light Ratios 

MOND predictions

✔
✔
✔

✔

✔

✔

✔

surface brightness

m
as

s 
su

rf
ac

e 
de

ns
ity

=
 V

2 /
(G

h)

N
ot

 a 
fit



M
O

N
D





Begeman (1987): HI data
Blais-Ouellette et al. (2004) Hα Fabry-Perot 
Daigle et al. (2006) Hα Fabry-Perot



MOND fit
K’-band stellar population prediction

predictive power: zero free parameters



M33



M33 color gradient corrected



NGC 1560

Begeman, Broeils, & Sanders (1991)

Υ∗ = 0.97



NGC 1560

Begeman, Broeils, & Sanders (1991)

Υ∗ = 0.44

modern D = 3.45 Mpc (TRGB)
(Karachentsev et al. 2004)
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Residuals of MOND fits



• The Tully-Fisher Relation 
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Line: stellar population model
(mean expectation)
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GΣ∗ = a0

disk stability limit (Milgrom 1989)



MOND

DM

disk stability
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Brada & Milgrom (1998)



Galaxy (M/L)
*

F568-1 14

F568-3   7

F568-6 11

F568-V1 16

UGC 128  4

UGC 1230  6

UGC 6614  8

ESO 14-40  4

ESO 206-140  4

ESO 302-120    1.7

ESO 425-180    2.4

Disk Masses from Density Waves

from B. Fuchs, astro-ph/0209157

LSB galaxies
got spiral arms!

Need very massive 
disks to drive spiral 

density waves in 
LSBs, as anticipated 
by McGaugh & de Blok 

(1998), ApJ, 499, 66
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minimum velocity dispersion?



a 0

Ellipticals
Clusters

Globular
Clusters

Giant
Molecular

Clouds

dwarf
spheroidals



Carina Fornax

Draco

dwarf spheroidal satellites of the Milky Way



M =
81

4

σ4

a0G
M =

2σ2

GeffRV

Geff =
G

µ(x)



Ellipticals
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NGC 3379 globular clusters



Clusters of Galaxies



Sanders (2003)
Reiprich (2001)







ωb = Ωbh
2
∝ η10BBN:



Sanders (2001); Sanders & McGaugh (2002)
see also Nusser (2001); Kneib & Gibson (2002)



• Disk Stability 

• Freeman limit in surface brightness distribution

• thin disks

• velocity dispersions 

• LSB disks not over-stabilized

• Dwarf Spheroidals

• Giant Ellipticals

• Clusters of Galaxies

• Structure Formation

• Microwave background
• 1st:2nd peak amplitude; BBN
• early reionization
• enhanced ISW effect
• 3rd peak

Other MOND tests

✔
✔
✔

✔

✔

✔

?
X

σ ≈ 10 km s−1 at Σ ≈ 1M" pc−2

Ωbh
2
≈ 0.017

✔
✔

✔

X

?


