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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 ain’t so. 

- Josh Billings 
(paraphrased) 

c. 1874



A few things we know for sure...

∇2Φ = 4πGρ
F = ma

which basically means

The universe is filled with non-baryonic cold dark matter.

ergo...

V 2 =
GM

R



Cold Dark Matter

Some new particle, usually assumed to be a
WIMP (Weakly Interacting Massive Particle)

These don’t interact electromagnetically, so very dark. 

Two big motivations:

1) total mass outweighs normal mass from               
Big Bang Nucleosynthesis

2) needed to grow cosmic structure



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

(2)

t = 3.8 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 if and only if Einstein taught us everything we need to know.



Amongst all hypothesized 
solutions, WIMPS are the 
most popular.



WIMPs are hiding

WIMP detection experiments

original prediction

2008 prediction

Excluded by 2008
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in
te

ra
ct

io
n 

pr
ob

ab
ili

ty

2017



The mass discrepancy in galaxies appears at a 
universal acceleration scale



Vflat

baryons dark
matter

NGC 6946

Solve Poisson equation numerically to obtain V(r) for observed baryon distribution
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Tully-Fisher Relation

Big galaxies rotate fast

Small galaxies rotate slowly



High Surface Brightness (HSB)

Low Surface Brightness (LSB)

Some galaxies are

Others are



The distribution of luminous 
mass is reflected in the shape 
of the rotation curve.



gobs =
V 2
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acceleration from rotation curve acceleration from baryon distribution

independent quantities



All galaxies obey 
the same 

Radial 
Acceleration 

Relation 

153 galaxies

rms = 0.13
s = 0.11

The tail of normal matter 
wags the dark matter dog 

critical acceleration scale 
10�10 m/s/s



This behavior was 
predicted by a 
theory called 

MOND invented by 
Moti Milgrom 

This theory 
modifies gravity 

instead of invoking 
dark matter.



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)
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A new test:  the dwarf satellites of Andromeda

PAdnAS



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.



Crater 2



“Too Big To Fail”
Boylan-Kolchin et al. (2012) MNRAS, 422, 1203

MOND

The recently discovered, ultra-diffuse Crater 2 
provides another test. 

LCDM anticipates 10 - 17 km/s  
(abundance matching; size-v. disp. rel’n) 
but makes no concrete prediction 

MOND predicts 2.1 +0.9/-0.6 km/s  
(in EFE regime: McGaugh 2016, ApJ, 832, L8) 

Subsequently observed: 2.7 ± 0.3 km/s 
(Caldwell et al. 2017, ApJ, 839, 20) 

Consistent with a priori MOND prediction 

Very hard to understand in the context of 𝚲CDM - 
incredibly low velocity at a very large radius. 

Crater 2

LV = 1.6⇥ 105 L�
rh = 1066 pc

Predictions made in advance of observation 
are the gold standard in science. 

MOND has had many more successful a priori 
predictions than dark matter based theories.

http://iopscience.iop.org/article/10.3847/2041-8205/832/1/L8/meta
http://doi.org/10.3847/1538-4357/aa688e


Why does MOND get any  
prediction right?

Have we been barking up the 
wrong side of the tree?



I find your lack of faith disturbing.

• 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?



Clusters of galaxies  
are a nagging problem

1E 0657-56 - the “bullet” cluster 
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MOND suffers a 
missing mass 
problem!

Clusters should 
be on red line; 

are closer to 
green line



The bullet cluster shows this discrepancy in dramatic fashion:
the mass (blue) is segregated from most of the known baryons (red).



Mahdavi et al. (2007) arXiv:0706.3048 

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

We don’t understand clusters in either theory



observed shock velocity

CDM

bullet cluster collision velocity

The bullet cluster 
is widely cited as 
falsifying MOND. 

But it is a big 
problem for dark 
matter too.

The collision speed is 
too fast in dark 
matter - must invoke 
special pleading.



observed shock velocity

MOND

bullet cluster collision velocity

The bullet cluster 
is widely cited as 
falsifying MOND. 

But it is a big 
problem for dark 
matter too.

The collision speed 
is natural in MOND
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The dark matter picture 
suffers the same 
problem in galaxies that 
MOND has in clusters!



Logical possibilities

• ΛCDM is fine; puzzling 
observations will be 
explained … somehow

• MOND gets predictions 
right because there is 
something to it ---  dark 
matter doesn’t exist.

• We have no clue what is 
going on.


