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Cosmological Constraints

SNIa and CMB want similar numbers, so it must be true!



Baryons

Dark Matter
21%

Dark Energy
75%

FLRW cosmology
only works with
• dark matter
• dark energy

We don’t know what
dark matter is and 
we don’t understand
what dark energy means



original prediction

current expectation

Does dark matter exist?

But we behave like
we’re pretty darn sure
that dark matter is 
made of WIMPs.



Rotation curves of spirals

Interpretation in terms
of dark matter leads to
fine-tuning problems.



Tully-Fisher Relation

McGaugh (2005)

Pizagno et al.
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(McGaugh 2005)
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Implies no other substantial
reservoirs of baryonic mass.



NGC 2403

UGC 128
LSB

Same global Mb,V

Very different
mass distributions

HSB

de Blok & McGaugh (1996)
Tully & Verheijen (1997)





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



No Residuals from TF rel’n

Sometimes interpreted to mean that dark matter dominates over disk mass



Acceleration related to baryonic surface density

central baryonic surface density

acceleration at peak of baryonic rotation curve
Baryons important to dynamics - dark matter does not dominate.

A contradiction to purely Newtonian dynamics?



Fine-tuning unavoidable

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

“...working on the thing can drive you mad.”
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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 

• 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”
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Rotation curves of spirals
and low mass dIrrs with M* < Mg.

Rotation curves of 
late type disks 
(Sd, Sm, Irr)

Kuzio de Naray et al.
(2006, 2008, 2009);
Trachternach et al. 
(2009)



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 (Vc = W20/2)
Gurovich et al. (2010)

M* < Mg
Stark et al. (2009)

M* < Mg
Trachternach et al. (2008)

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



• MOND accurately predicts the 
BTF location of gas dominated 
galaxies with zero free parameters.

• CDM does not do this.
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MOND fit
K’-band stellar population prediction

predictive power: zero free parameters



optical

near-IR

NGC 6946 - small bulge predicted

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



optical

near-IR

NGC 6946 - small bulge observed

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



M33



M33 color gradient corrected
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Residuals of MOND fits
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Line: stellar population model
(mean expectation)
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Can we reverse the procedure?

Rather than fitting rotation curves
given the photometry, can we infer
the baryonic mass distribution from

the rotation curve?

Milky Way terminal velocities



initial guess



final fit



Obtain plausible mass profile; predictions testable with GAIA

McGaugh (2008)



Allow
ing for a significant bulge com

ponent 
im

plies that the M
ilky W

ay has a Type II disk



GΣ∗ = a0

Other tests - e.g., disk stability (Milgrom 1989)



MOND

DM

disk stability
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Brada & Milgrom (1998)



LSB galaxies
got spiral arms!

To explain this, we 
anticipate the 
need for very massive 
disks to drive spiral 
density waves in LSBs

McGaugh & de Blok 
(1998), ApJ, 499, 66



Galaxy (M/L)
* AUTHOR

F568-1 14 FUCHS
F568-3 7 FUCHS
F568-6 11 FUCHS
F568-V1 16 FUCHS
UGC 128 4 FUCHS
UGC 1230 6 FUCHS
UGC 6614 8 FUCHS
ESO 14-40 4 FUCHS
ESO 206-140 4 FUCHS
ESO 302-120 1.7 FUCHS
ESO 425-180 2.4 FUCHS
ESO 186-550 7.5 SABUROVA
ESO 206-140 8.8 SABUROVA
ESO 234-130 5.7 SABUROVA
ESO 400-370 9 SABUROVA

Disk Masses from Density Waves
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Conventional analysis overestimates M*/L, as expected



a 0

Ellipticals
Clusters

Globular
Clusters

Giant
Molecular

Clouds

dwarf
spheroidals

(from Sanders)

Other tests - other systems



Mateo (1998)

Simon & Geha (2007)
Υ! = 1

Vc =
√

2σ

Assumes

with LG dwarf Spheroidals
and Globular Clusters

Gnedin et al. (2002)
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No scale length residuals for Galaxies...

V
2

=

GM

R

...but there are for Globular Clusters

Newton works (as he should in high density systems)



Dwarf Spheroidals

gin < gex gin > gex

MOND M*/L OK for most classical dwarfs
but unacceptably high for ultrafaints



Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation
McGaugh & Wolf (2010)

Classical dwarfs
Ultrafaint dwarfs
M31 dwarfs
Leo T (contains gas)Leo T (contains gas)Leo T (contains gas)

Ultrafaint dwarfs

Spir
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Local dwarf data: Wolf et al. (2010)
Kalirai et al. (2009; M31)

M*/L as per Mateo et al. (1998)
& Martin et al. (2008)



Luminosity

Size

Metallicity

Shape

Distance

Tidal Susceptibility

dSph BTFR residuals 
correlate with

FT,D =
M

m
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D
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tidal radii in dark matter and MOND



Dwarfs whose stars have little time to adjust to changes in the potential suffer 
the largest deviations and have more elliptical shapes.

That the ultrafaints are tidally affected by the Milky Way in MOND.
Their M*/L are overestimated by the usual equilibrium calculation.
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Cluster data: Giodini et al. (2009)

Local dwarf data: Walker et al. (2009)
M*/L as per Mateo et al. (1998)

Spiral data: McGaugh et al. (2005)

Gas dominated disks: 
Stark et al. (2009)
Trachternach et al. (2009)
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Vc =
√

3σ

B500 = 1.5× 105 M! km−3 s3
M∆ = B∆V 3

∆

McGaugh et al. (2010)

Clusters have less baryonic mass than expected.

Deviations might
plausibly be 
explained by
tides in MOND

Why do Clusters deviate?



Clusters of Galaxies

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



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



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



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



• MOND naturally explains a diverse array of 
phenomena

• Many a priori MOND predictions have been 
realized; some problems remain, especially in 
rich galaxy clusters

• The observed MONDian phenomenology is 
not naturally a part of the ΛCDM paradigm

• Can CDM be falsified???

Conclusions



A1:2 = 2.34 ± 0.09

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

Subsequent measurement:


