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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



A few things we know for sure...

∇2Φ = 4πGρ
F = ma

which basically means

mV2/R = GMm/R2

i.e,

V2 = GM/R

The universe is filled with nonbaryonic cold dark matter.

ergo...
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Pruning the tree

Baryonic Dark Matter

Many candidates:  
	 brown dwarfs
	 Jupiters
	 very faint stars
	 very cold molecular gas

	 warm (~105 K) ionized gas

Can usually figure out a way to detect 
them:  most have been ruled out.



Pruning the tree

Hot Dark Matter

Obvious candidate:  
	 neutrinos
	
	 neutrinos got mass!...
	 	 	 	 	 	 	 	 	 	 	 ...but not enough.  

Also
- neutrinos suppress structure formation
- can’t crowd together closely enough



Pruning the tree

Cold Dark Matter

Some new particle, usually assumed to be
	 WIMPs (Weakly Interacting Massive Particle)
	
# don’t interact electromagnetically, so very dark. 

Two big motivations:

1) total mass outweighs normal mass from BBN

2) needed to grow cosmic structure
Ωm ≈ 6Ωb



(2) There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless 

there is a component of mass independent of photons.

t = 1.8 x 105 yr
t = 1.4 x 1010 yr

very smooth:  δρ/ρ ~ 10-5
very lumpy:  δρ/ρ ~ 1

δρ/ρ ∝ t2/3

Both (1) and (2) hold only when gravity is normal.



“Cosmologists are often wrong, but never in doubt”
- Lev Landau

Things we know for sure in cosmology: 

Ωm = 1.00 

ΩΛ = 0.00

 Ωbh
2 = 0.0125

Ho = 50 km/s/Mpc

Dark Matter = Cold Dark Matter

pre-1990:



“Cosmologists are often wrong, but never in doubt”
- Lev Landau

Things we know for sure in cosmology: 

Ωm = 0.24 

ΩΛ = 0.76

 Ωbh
2 = 0.0223

Ho = 73 km/s/Mpc

Dark Matter = Cold Dark Matter

2006:
What did I say?



On Galaxy Scales...

• Measure rotation 
velocity; find 

• Properties depend 
systematically on

• Total Baryonic Mass

• Baryon Distribution

• Acceleration



High Surface Brightness (HSB)

Low Surface Brightness (LSB)

Σ(R) = Σo e-R/h

Azimuthally averaged light distribution
typically exponential for spiral disks.

intercept Σo 
slope h -1



Fraternali, Oosterloo, Sancisi, & van Moorsel 2001, ApJ, 562, L47

NGC 2403

Stars HI gas



V sini = Vsys + Vc cosθ + Vr sinθ

NGC 6822 (Weldrake & de Blok 2003)



Stars HI gas

Boomsma 2005

NGC 6946
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Small scatter
poses a fine-
tuning problem

md =

Mdisk

Mtot

(md ≤ fb)



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



NGC 2403

UGC 128

Same global L,V

Very different
mass distributions
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Rp ≈ 2.2h



No Residuals from TF rel’n

Not even where disk contribution is maximal



Requires fine balance between dark & baryonic mass

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



Dynamics knows about the distribution of light 
as well as the total mass.

Radius measured by disk scale length h



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%)

radius

orbital
frequency

acceleration
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Unexplained Correlations

• Tully-Fisher relation

• Mass discrepancy-
acceleration relation

• dark matter/baryon    
see-saw



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.



• The Tully-Fisher Relation 
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• Stellar Population Mass-to-Light Ratios 

MOND predictions

✔
✔
✔

✔ !



In MOND limit of low acceleration

a =

√
gNa0

V 2

R
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observed TF!
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Residuals of MOND fits



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
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• No Dependence on Surface 
Brightness 
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Line: stellar population model
(mean expectation)
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MOND works.  Either

	 MOND is correct, or

	 Dark Matter mimics MOND

Either way,
new physics is implicated:

- gravity?

- new properties of dark 
matter?

a0 ∼ cH0 ∼ cΛ
1/2



A1:2 =

A1

A2

A1:2 = 2.34 ± 0.09

No CDM prediction (McGaugh 1999): A1:2 = 2.4



No CDM fit to WMAP data



ωb = Ωbh
2
∝ η10BBN:



WMAP
with CDM






