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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...





Galaxy Clusters

Large Scale Structure
Galaxy Rotation Curves





What is the Dark Matter?

Baryonic Dark Matter

Hot Dark Matter

Cold Dark Matter

Normal things:  
	 very faint stars, brown dwarfs
	 other hard-to-see objects (planets, gas)

neutrinos - got mass, but not enough

Some new fundamental particle
 doesn’t interact with light, so quite invisible. 
Two big motivations:
1) total mass outweighs normal mass from BBN
2) needed to grow cosmic structure

X
X

✔



gravitating mass >> normal mass

Normal baryonic mass = 4% of total

Total mass density = 27% of total

(1)

from Primordial Nucleosynthesis

from gravity

Most of the mass needs to be 
in some brand new form!



(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.



Dark Energy

Einstein’s greatest blunder?

Rμν - ½gμν = 8πGTμν   + Λgμν

Einstein’s intention was to keep the
universe static.  But it does expand!



A mathematical blunder ---
Λ makes the expansion
accelerate!



H0

Ωm

age (flat)

age (open)

age = 13 ± 1 Gyr

ΛCDM

The Search for Two (or Three) Numbers
Expansion Rate & Mass Density (& Λ)

“...these number count data favor a flat, low-density                   universe with a nonzero cosmological 
constant.”  (Yoshi & Peterson 1995, ApJ, 444, 15)

Ωm ≈ 0.2

Other hints as well:
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Supernova Cosmology Project 
Perlmutter et al. (1998)

 
astro-ph/9812133

In flat universe:   ΩM = 0.28 [± 0.085 statistical] [± 0.05 systematic] 
Prob. of fit to Λ = 0 universe:  1%

 

Λ > 0
99% c.l.
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Position of first peak implies
Ωm + ΩΛ ≈ 1

Ωm < 1, so again, Λ > 0



Cosmological Mass-Energy Budget

Our future discoveries must be  looked for in the sixth place of decimals.”
- A. Michelson (1894)

 “The more important fundamental laws and facts  of physical science have all been 
discovered, and  these are now so firmly established that the  possibility of their ever 
being supplanted in  consequence of new discoveries is exceedingly  remote.... 

“The only interesting problem left in cosmology is the value of the exponent
of the dark energy equation of state.”

- L. Krauss (2004)

“ΛCDM”

Hot Big Bang
+

Dark Energy
+

Dark Matter

is now called

THE ANSWER: Baryons

Dark Matter
23%

Dark Energy
73%



“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

1990:



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

Things we know for sure in cosmology: 

Ωm = 0.27 

ΩΛ = 0.73

 Ωbh
2 = 0.0224

Ho = 72 km/s/Mpc

Dark Matter = Cold Dark Matter

... or maybe Warm Dark Matter

 or Self-Interacting Dark Matter

2003:
What did I say?



Baryons

Dark Matter
23%

Dark Energy
73%

Known Baryons
We have direct knowledge of < 1% of this stuff.

CDMS, LHC, & GLAST should all see something soon



CDMS Collaboration arXiv:0802.3530



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



Vflat

baryons dark
matter

NGC 6946



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



Requires fine balance between dark & baryonic mass

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



Baryonic Tully-Fisher Relation

Depends only on ordinary mass



One begins to worry that



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 were widely 

thought not to exist.



• 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

✔
✔
✔

✔ !



In MOND limit of low acceleration

a =

√

gNa0

V 2

R
=

√

GM

R2
a0

V
4

= a0GM

observed TF!



sta
r d

ominate
d

gas
 dominate

d



• 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 
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✔
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Residuals of MOND fits



• 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

✔
✔
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✔

✔

✔

✔



Line: stellar population model
(mean expectation)



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between 
Disk Mass and Vflat 
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Brightness 

• Dependence of conventional M/L on 
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Υ
K

! = 0.35 M!/L!

bang on popsynth models of Portinari et al. (2004)

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



Luna et al. (2006: CO); McClure-Griffiths & Dickey (2007: HI)

What about our own Galaxy?











MONDian Milky Way



Get outer rotation curve with no fitting

Xue et al. (2008: BHB)

Different lines represent different assumed interpolation functions



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

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

DISK STABILITY
MAKES MORE SENSE

IN MOND

Bi
g 

(M
/L

) *’s!



Tiret & Combes



What are the downsides?

• You don’t know the 
Power of the Dark Side

• Can MOND explain large 
scale structure?

• Can it provide a 
satisfactory cosmology?

• Can it be reconciled with 
General Relativity?

• Does it survive other 
tests?

TeVeS
Bekenstein (2004)

Clusters problematic



1E 0657-56 - “bullet” cluster  (Clowe et al. 2006)

direct proof of dark matter?



bullet cluster shows same
baryon discrepancy in MOND

as other galaxy clusters

MOND suffers a missing mass problem!
unseen baryons?  heavy neutrinos?



observed shock velocity

CDM

bullet cluster collision velocity

Angus & McGaugh (2008) arXiv:0704.0381



observed shock velocity

MOND

bullet cluster collision velocity

Angus & McGaugh (2008) arXiv:0704.0381



Mahdavi et al. (2007) arXiv:0706.3048

Abell 520 - Counter-example to bullet cluster
with a mass peak devoid of galaxies



Jee et al. (2007) ApJ, 661, 728
Cl 0024+17



Milgrom & Sanders (2007) arXiv:0709.2561

rt =

√

GM

a0

There can be a feature around the transition radius,
depending on the interpolation function. 

The ring reported by Jee et al. may be such a feature.



Bournaud et al. (2007) Science, 316, 1166

Tidal Debris Dwarfs - should be devoid of Dark Matter



Gentile et al. (2007)
A&A, 472, L25

Tidal dwarfs
do show mass

discrepancies as
expected in MOND



Tiret & Combes



McGaugh (1999) proposed a test for the existence 
of non-baryonic Cold Dark Matter in the 

power spectrum of the cosmic microwave background.

1st:2nd peak ratio larger w/o CDM

3rd peak lower than 2nd w/o CDM

How else can we tell the difference?

Also expect:
- enhanced ISW

- earlier reionization

A1:2 < 1.9  (CDM)                  A1:2 = 2.4  (No CDM)

A2:3 < 1  (CDM)                       A2:3 > 1  (No CDM)
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A1:2 =

A1

A2

A1:2 = 2.34 ± 0.09

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



No CDM fit (McGaugh 2004)



Driving term from TeVeS? (Ferrara & Skordis 2005)

Depends on baryon density



Big Bang Nucleosynthesis




