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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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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

✔



(1) There’s more mass than BBN allows in baryons

⌦m

⌦b

gravitating mass density

from BBN



(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

Dark matter is commonly thought
to be a new particle called a WIMP



Cosmology only works with

• non-baryonic cold dark matter
•whatever it is (e.g., WIMPs)

• dark energy
•whatever that even means

• dark baryons
• 29% not accounted for

We have direct knowledge of only 3.5% of the total 
mass-energy density of the universe

Missing Baryons

Dark Matter
27%

Dark Energy
69%

Known Baryons



Dark matter is commonly thought
to be a new particle called a WIMP

WIMP detection experiments

original prediction

2008 prediction

Excluded by 2008

Mass of WIMP
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2008 prediction

2011 prediction

Excluded by 2011
in

te
r
a
c
ti

o
n

 p
r
o

b
a
b

il
it

y

Mass of WIMP



Mass of WIMP

in
te

r
a
c
ti

o
n

 p
r
o

b
a
b

il
it

y

2011 prediction

2008 prediction

Excluded in 2014



A single galaxy might seem a little thing to those who 
consider only the immeasurable vastness of the 
universe, and not the minute precision to which all 
things therein are shaped.

Paraphrased from the Ainulindalë by J.R.R. Tolkein



Vflat

baryons dark
matter

NGC 6946

Solve Poisson equation numerically to obtain V(r) for observed baryon distribution
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High Surface Brightness (HSB)

Low Surface Brightness (LSB)

Some galaxies are

Others are



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

V4 = G2MΣ

Therefore
Galaxies of different 
surface brightnesses
should form distinct

Tully-Fisher
sequences.μ = -2.5 logΣ +C

Tully-Fisher Relation



Radius in physical units (kpc)



Radius normalized by size of disk.

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



Galaxy dynamics is
dominated by dark matter.

Why should that care about
the distribution of light?



dark matter

MOND
MOdified Newtonian Dynamics

introduced by Moti Milgrom in 1983

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

μ(a/ao) a = gN .

Above a critical acceleration a0 everything is normal.
Below that scale, gravity in effect becomes stronger.



• 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.
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Residuals of MOND fits
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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 

• 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

✔
✔
✔

✔

✔

✔

✔

✔

✔



Are you suggesting that there is no dark matter?



What does MOND do to cosmology?



A new test:  the dwarf satellites of Andromeda

PAdnAS



Velocity dispersions of M31 dwarfs correctly predicted (a priori in many cases) by MOND.



Velocity dispersions of M31 dwarfs correctly predicted (a priori in many cases) by MOND.



EFE

ISOEFE

ISOISO EFE

Pairs of photometrically identical dwarfs should have different velocity dispersion 
depending on whether they are isolated are dominated by the external field effect.

There is no EFE in dark matter - this is a unique signature of MOND.



Vf =
p
3�



MOND corrected
Isolated: red
EFE: blue
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