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Must have non-baryonic cold dark matter:
There’s more mass than BBN allows in baryons

2H
3He
4He
7Li

CMB
Compilation

⌦b from BBN

⌦mgravitating mass density

⌦m > ⌦b
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H0
13 < Age < 14 Gyr

Age (open)

Age (flat)

⌦mΛCDM

Constraints predating SN, CMB (circa 1995)
Standard CDM (circa 1990)



H0
13 < Age < 14 Gyr

Age (open)

Age (flat)

⌦m

2013 Planck constraint: ⌦mh3 = 0.0959± 0.0006



CMB power spectrum

Planck data

Prediction in absence of CDM
(McGaugh 1999, 2000, 2003)



�CDM ⇥CMB
b

MOND �CMB
b

Baryon density measurements by various methods.  The dark blue band is from fits to the CMB in ΛCDM.  
The light blue band is the range implied in MOND (2004, ApJ, 611, 26).  The latter is consistent with 
independent measurements of all isotopes of the light elements, excepting only deuterium measurements 
published after CMB measurements became available. 



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 only when gravity is normal.





3 Laws of Galactic Rotation

1. Rotation curves tend 
towards asymptotic 
flatness

2. Baryonic mass scales as 
the fourth power of 
rotation velocity 
(Baryonic Tully-Fisher)

3. Gravitational force 
correlates with  
baryonic surface density

Just the facts, ma’am
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1. Flat rotation curves



Stellar Mass Tully-Fisher relation
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McGaugh et al. (2000)

Gurovich et al. (2010)

Begum et al. (2008)

Trachternach et al. (2009)

McGaugh (2005)
Stark et al. (2009)
Begum et al. (2008)
Trachternach et al. (2009)
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McGaugh et al. (2000)

Gurovich et al. (2010)

Begum et al. (2008)

Trachternach et al. (2009)

McGaugh (2005)
Stark et al. (2009)

slope: x = 3.5 slope: x = 4

Begum et al. (2008)
Trachternach et al. (2009)

�M,intrinsic ⇡ 0.2 �M,intrinsic < 0.15
finite intrinsic scatter negligible intrinsic scatter

2. Baryonic Tully-Fisher relation: Mb = 47 V4



central baryonic surface density

acceleration at peak of baryonic rotation curve

a � �1/2
b

3. Gravitational force correlates with baryonic surface density



The baryonic surface density correlates with acceleration

(gravitational force per unit mass) at all radii



In NGC 6946,
a tiny bulge
(just 4% of the
total light)
leaves a 
distinctive 
mark.

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

bulge

gas

stellar disk



In NGC 1560,
a marked feature
in the gas is 
reflected in the
kinematics, even
though dark matter 
should be totally 
dominant.

Gentile et al. (2010)

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

gas

stellar disk



The baryon distribution maps to the observed rotation

even in galaxies with large mass discrepancies



74 galaxies
> 1000 points

(all data)

60 galaxies
> 600 points
(errors < 5%)

radius

orbital
frequency

acceleration

McGaugh (2004)

FALSIFIABILITY
Not just any force law will do

No unique size scale in the 
data.  Can generically exclude 
any modification of gravity 
where a change in the force 
law appears at a specific 
length scale.

There is a characteristic 
acceleration scale in the data



3 Laws of Galactic Rotation

1. Rotation curves tend 
towards asymptotic 
flatness

2. Baryonic mass scales as 
the fourth power of 
rotation velocity 
(Baryonic Tully-Fisher)

3. Gravitational force 
correlates with  
baryonic surface density

No theory so far - just data.

Can always be interpreted in 
terms of dark matter (with 
sufficient fine-tuning).  

Might stem more naturally 
from a universal force law.
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a = gN for a ≫ a0

µ

(

a

a0

)

a = gN

µ(x) → 1 for x ≫ 1 µ(x) → x for x ≪ 1

a =
√

gNa0 for a ≪ a0

MOND
Modified Newtonian Dynamics (Milgrom 1983)

a0

Instead of invoking dark matter, modify gravity 
(or inertia).  Milgrom suggested a modification 

at a particular acceleration scale

x =

a

a0

∇

[

µ

(

∇Φ

a0

)

∇Φ

]

= 4πGρ

Derived from aquadratic Lagrangian of 
Bekenstein & Milgrom (1984) to satisfy 
energy conservation.

(t,x) ! �(t,x)MOND regime invariant under transformations

Newtonian regime MOND regime

Regimes smoothly joined by

Modified Poisson equation



• 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”



My prediction

V 2 =
GM

r

Newton said

so galaxies of fixed mass
should shift off the TF reln
depending on their radius /
surface brightness



• 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

✔
✔
✔

✔ !



Baryonic Tully-Fisher relation

star dominated

gas dominated

M* > Mg

M* < Mg

MOND
no free parameters

M* from near-IR observations + 
population synthesis models

M* from near-IR observations + 
population synthesis models

Mg from HI observations

Mg from HI observations



a =
V 4

f

GMb
The data specify a particular acceleration scale:

[3.6] mass-to-light ratios

gas rich galaxies

histogram: data
line:  distribution expected from observational uncertainties.

The data are consistent with zero intrinsic scatter (< 0.15 dex in mass).

star dominated galaxies



• The Tully-Fisher Relation 
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• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 

• Fundamentally a relation between Disk 
Mass and Vflat 

• No Dependence on Surface Brightness 
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and surface brightness 
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NGC 1560
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Residuals of MOND fits

The data are consistent with a single effective force law in disk galaxies.



• The Tully-Fisher Relation 

• Slope = 4 

• Normalization = 1/(a0G) 
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Mass and Vflat 
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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 
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MOND predictions
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What else?



Disk Stability

The maximum surface density
of disks is set by the MOND scale



Tiret & Combes

DM MOND

real galaxies MOND simulation



Tidal dwarfs

Should be devoid of dark 
matter in LCDM

Must evince a mass
discrepancy in MOND

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

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



Example application: our own Galaxy

You are here
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Example application: our own Galaxy

Put in mass distribution (Flynn et al 2006);
Get out rotation curve (no fitting)

Luna et al. (2006: CO); McClure-Griffiths & Dickey (2007: HI); Xue et al. (2008: BHB)
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McGaugh, S.S. 2008, ApJ, 683, 137
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McGaugh, S.S. 2008, ApJ, 683, 137

Can we do better fitting the details of the terminal velocity curve?

Luna et al. (2006: CO); McClure-Griffiths & Dickey (2007: HI); Xue et al. (2008: BHB)



Fitting the details of the terminal velocity curve



Surface density

total

gas

disk

bulge

Fitting the details of the terminal velocity curve uncovers details of Milky Way structure:
the inferred density enhancement corresponds to the Centaurus spiral arm.



Bovy & Rix (2013)

The surface density from the radial and vertical forces are in good agreement



A new test:  the dwarf satellites of Andromeda

PAdnAS



Use MOND to predict dwarf’s velocity dispersions

McGaugh, S.S., & Milgrom, M. 2013, ApJ, 766, 22



McGaugh, S.S., & Milgrom, M. 2013, ApJ, 766, 22

Completely a priori predictions for 10 dwarfs

and 3 more

plus Perseus, 
Cetus, & Tucana



McGaugh, S.S., & Milgrom, M. 2013, ApJ, 766, 22

Completely a priori predictions for 10 dwarfs
already tested and largely confirmed 

McGaugh, S.S., & Milgrom, M. 2013, ApJ, 775, 139



gin < gex < a0gin < a0 < gex

gin < a0gin > a0

Newtonian regime MOND regime

External Field dominant
quasi-Newtonian regime

External Field dominant
Newtonian regime

M =

RV 2

G

M =

RV 2

G
M =

V 4

a0G

e.g.,
Eotvos-type 

experiment on 
the surface of 

the Earth

e.g.,
remote
dwarf
Leo I

e.g.,
nearby
dwarf

Segue 1

e.g.,
surface
of the
Earth

ISO

EFE

M =
g
ex

a0

RV 2

G



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.



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?

• Does it survive other tests?

Clusters problematic



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



Clusters of Galaxies

residual mass discrepancy in clusters is real...
the bullet cluster is a special case of a more general problem.

MOND: M ~ T2

ΛCDM: M ~ T3/2



Zooming out...

⇤C
DM

: M
⇠ V
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Data for groups & cluster offset from MOND prediction,
but slope pretty good over many decades in baryonic mass.

�† = 860 M⇥ pc�2

a0 = 1.2� 10�10 m s�2 ⇥ cH0

2�
⇥ c�1/2



Structure forms earlier in MOND - predicted early reionization

Large Scale Structure



• 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/gravitational lensing
• 3rd peak

Other MOND tests

✔
✔
✔

✔

✔

✔

?

✔
✔

✔

X

X
No Metric
Don’t know expansion history

X
X



Logical possibilities

• ΛCDM is fine; puzzling 
observations will be 
explained by complicated 
feedback processes.

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

• We have no clue what is 
going on.


