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A Field of Two Attitudes
•ΛCDM is obviously correct

• CMB, LSS, etc.  “cosmology solved!” (Turner 1998)

• considering alternatives is a waste of time

•ΛCDM is obviously wrong

• cusp/core, missing satellites, no direct 
detection of CDM, DE just another fudge

• much more reasonable to consider 
alternatives if ΛCDM is falsified 

• ...if that is even possible



Heck, I reckon you wouldn’t even be human beings if you didn’t 
have some pretty strong personal feelings about cosmology.

I reckon you wouldn't even be human bein's if you didn't have some pretty strong personal feelin's about nuclear combat.



original prediction

recent expectation

new expectation

WIMP detection experiments



• WIMPs have been excluded at  > 95% c.l. 
Repeatedly.

• Usual fix has been to make more massive the 
particle through which WIMPs interact, thus 
lowering their interaction cross-section.  

• Use to be the usual weak force carriers.  

• Now down to WIMPs that exchange Higgs 
particles.

One can imagine DM particles that don’t 
interact with anything but gravity.  Might 
be true, but isn’t falsifiable.  Tuning the 
interaction cross-section ever-further down 
is the express elevator to hell.



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



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



a =
V 4

f

GMb
The data specify a particular acceleration scale:

(natural units)

all data
selected gas rich galaxies

histogram: data
line:  distribution expected from observational uncertainties.

The data are consistent with zero intrinsic scatter.



The BTFR is just the zeroth moment, as it were -
total baryonic mass vs. characteristic circular velocity.
There is more information in the distribution of mass.

NGC 2403

UGC 128



Same (M,V) but very different size and surface density

No residuals from TF with size or surface density

V 2 =
GM

R
which is strange, since



No residuals from TF with size or surface density for disks

V 2 =
GM

R
→ δ log(V )

δ log(R)
= −1

2 expected slope (dotted line)

large range in size at a 
given mass or velocity

Note:



For disk galaxies

Newton says: V 2

R
=

GM

R2
= G(Σb + ΣDM )

Σ =
M

R2
surface density

So we infer that ΣDM ! Σb

(i.e., that all disks are dark matter dominated)
in order to explain the lack of TF residuals with 
luminous size Rp

There is still more information in the mass distribution...



Just looking at the peak radius

central baryonic surface density

acceleration at peak of baryonic rotation curve

Gravitational force is related to the baryonic surface density

a ∼ Σ1/2
b



But wait - before we decided 

Lack of TF residuals says baryon 
distribution does not matter.

V 2

R
= G (Σb + ΣDM )

Correlation of dynamical force with 
observed surface density says the 
baryon distribution does matter.

Σb ! ΣDM

Now it has to matter.  Is this a contradiction?



At all radii, the baryonic surface density correlates

with the acceleration (gravitational force per unit mass)



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

Renzo’s Rule:  (2004 IAU; 1995 private communication)
“When you see a feature in the light, you see a 
corresponding feature in the rotation curve.”



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

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:

“When you see a feature in the light, you see a 
corresponding feature in the rotation curve.”

The distribution of mass is coupled to the distribution of light.

Quantify by defining the Mass Discrepancy:

D =
V 2

V 2

b

=
V 2

Υ!v
2
! + V 2

g

The Mass Discrepancy correlates with
acceleration and baryonic surface density



74 galaxies
> 1000 points

(all data)

60 galaxies
> 600 points
(errors < 5%)
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K’-band data
(Verheijen 1997)

30 galaxies
220 independent points

Can see the effect directly in the data
with no assumption on M*/L



D



D

Σ†



D

Can fit a fcn to the data D(Σ/Σ†) D(a/a0)or

and use it to map between Vb and Vtot.
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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.



MOND
a! a0

a! a0 a→ √gNao

a→ gN

µ

(
a

a0

)
=

gN

a

µ→ 1

µ→ a

a0

a! a0

a! a0

a0GM = V 4
f

a0 ≈ 10−10 m s−2 ∼ cH0 ∼ cΛ1/2

Relativistic extensions:  TeVeS, bimetric gravity, ???

Milgrom (1983)

Bekenstein & Milgrom (1984):

modified inertia (F=ma)
OR modified gravity



Always emotions MOND is.



• 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”



• 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

✔
✔
✔

✔ !



M* > Mg (H-band popsynth)
Sakai (2000); Gurovich et al. (2010)

M* > Mg (MOND fits)
McGaugh (2005)

M* < Mg
Begum et al. (2008)

sin(iopt) < 1.12 sin(iHI)

M* < Mg
Stark et al. (2009)

M* < Mg
Trachternach et al. (2008)

Position on BTFR independent
of stellar M*/L for M* < Mg

star dominated

gas dominated
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• The Tully-Fisher Relation 

• Slope = 4 
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• Fundamentally a relation between Disk 
Mass and Vflat 

• No Dependence on Surface Brightness 

• Dependence of conventional M/L on radius 
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This procedure is generally successful
(including the bumps and wiggles) 
given M*/L as a fit parameter

Residuals for 74 galaxies
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Line: stellar population model
(mean expectation)
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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



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

Σ† = 860 M! pc−2

a0 = 1.2× 10−10 m s−2 ≈ cH0

2π
≈ cΛ1/2



The missing baryon problem

Cosmic baryon budget
(Shull et al arXiv:1112.2706)

@ z = 0

missing mass in clusters



observed shock velocity

CDM

bullet cluster collision velocity

Angus & McGaugh (2008) MNRAS, 383, 417

m
ass discrepancy m

ore naturally explained by CDM



observed shock velocity

MOND

bullet cluster collision velocity

Angus & McGaugh (2008) MNRAS, 383, 417

collision velocity m
ore naturally explained by M

O
ND



Expect big clusters at high redshift



• 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 effect
• 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.


