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Today

Modified Gravity Theories
MOND

4/24: Homework 4 due 
4/26: Exam



Not any theory will do - length scale based modifications can be immediately 
excluded as the discrepancy does not appear at a particular length scale.

Radius where Mtot = 2 M*



74 galaxies
> 1000 points

(all data)

60 galaxies
> 600 points
(errors < 5%)

radius

orbital
frequency

acceleration

McGaugh (2004)

Not just any force law...

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
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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
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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”

None of the following data existed in 1983.
At that time, LSB galaxies were widely 

thought not to exist.
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MOND predictions

✔
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In MOND limit of low acceleration
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Why?

Physics of the BTFR scaling relation

dark matter MOND

Mtot ∝ V
3

Md ∝ V
x

x ≥ 3 md(V )

halos:

baryons:

depending on

Mtot = Mb =

V 4

a0G

Should work as long as

object not tidally disrupted

an absolute consequence

of the force law for a << a0:

gN = µ

(

g

a0

)

g

µ → 1 g ≫ a0 g = gNfor so
Newtonian regime:

µ → g/a0 g ≪ a0 g =

√

gNa0sofor
MOND regime:

Should only work for

objects in MOND regime

Should depend on disk scale length, 
unless all disks submaximal
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Residuals of MOND fits

Famaey, B., & McGaugh, S.S. 2012, Living 
Reviews in Relativity, 15, 10

http://relativity.livingreviews.org/
http://relativity.livingreviews.org/
http://relativity.livingreviews.org/Articles/lrr-2012-10/
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Line: stellar population model
(mean expectation)
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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 =

a0

gex

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


Sgr

dwarf

e.g.,

surface

of the

Earth



Use MOND to predict the 
velocity of stars within 
each dwarf

A new test:  the dwarf satellites of Andromeda



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.



And XVII 2.6E+05 381 2.9 2.5

And XXVIII 2.1E+05 284 4.9 4.3

Name Luminosity Re �obs �pred

isolated

EFE



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


arXiv:1804.04136

NGC 1052-DF2

�obs < 10.5 km s�1
<latexit sha1_base64="z8mvUVBHVIk3SdAhU3XV7zXQn4s=">AAACEHicbVDNSgMxGMzWv1r/Vj16CRbBg5aNKBb0UPDisYL9gW5dsmm2DU12lyQrlGVfwouv4kXEi4pv4NuYbeuhrQOBycwX8s34MWdKO86PVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzhTe63HqlULArv9SimXYH7IQsYwdpIno1cxfoCe2nkqwxeQ+RULtwrV2A9kCIdisw9+buo7CE9RZlnl52KMwZcJGhKymCKumd/ub2IJIKGmnCsVAc5se6mWGpGOM1KbqJojMkQ92k6DpTBIyP1YBBJc0INx+rMHBZKjYRvJvPl1LyXi/95nUQH1W7KwjjRNCSTj4KEQx3BvB3YY5ISzUeGYCKZ2RCSAZaYaNNhyURH80EXSfOsYlpEd+flWnVaQhEcgENwDBC4BDVwC+qgAQh4Bq/gA3xaT9aL9Wa9T0YL1vTNPpiB9f0LAkqcVg==</latexit><latexit sha1_base64="z8mvUVBHVIk3SdAhU3XV7zXQn4s=">AAACEHicbVDNSgMxGMzWv1r/Vj16CRbBg5aNKBb0UPDisYL9gW5dsmm2DU12lyQrlGVfwouv4kXEi4pv4NuYbeuhrQOBycwX8s34MWdKO86PVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzhTe63HqlULArv9SimXYH7IQsYwdpIno1cxfoCe2nkqwxeQ+RULtwrV2A9kCIdisw9+buo7CE9RZlnl52KMwZcJGhKymCKumd/ub2IJIKGmnCsVAc5se6mWGpGOM1KbqJojMkQ92k6DpTBIyP1YBBJc0INx+rMHBZKjYRvJvPl1LyXi/95nUQH1W7KwjjRNCSTj4KEQx3BvB3YY5ISzUeGYCKZ2RCSAZaYaNNhyURH80EXSfOsYlpEd+flWnVaQhEcgENwDBC4BDVwC+qgAQh4Bq/gA3xaT9aL9Wa9T0YL1vTNPpiB9f0LAkqcVg==</latexit><latexit sha1_base64="z8mvUVBHVIk3SdAhU3XV7zXQn4s=">AAACEHicbVDNSgMxGMzWv1r/Vj16CRbBg5aNKBb0UPDisYL9gW5dsmm2DU12lyQrlGVfwouv4kXEi4pv4NuYbeuhrQOBycwX8s34MWdKO86PVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzhTe63HqlULArv9SimXYH7IQsYwdpIno1cxfoCe2nkqwxeQ+RULtwrV2A9kCIdisw9+buo7CE9RZlnl52KMwZcJGhKymCKumd/ub2IJIKGmnCsVAc5se6mWGpGOM1KbqJojMkQ92k6DpTBIyP1YBBJc0INx+rMHBZKjYRvJvPl1LyXi/95nUQH1W7KwjjRNCSTj4KEQx3BvB3YY5ISzUeGYCKZ2RCSAZaYaNNhyURH80EXSfOsYlpEd+flWnVaQhEcgENwDBC4BDVwC+qgAQh4Bq/gA3xaT9aL9Wa9T0YL1vTNPpiB9f0LAkqcVg==</latexit><latexit sha1_base64="z8mvUVBHVIk3SdAhU3XV7zXQn4s=">AAACEHicbVDNSgMxGMzWv1r/Vj16CRbBg5aNKBb0UPDisYL9gW5dsmm2DU12lyQrlGVfwouv4kXEi4pv4NuYbeuhrQOBycwX8s34MWdKO86PVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKWUgbmmlO27GkWPictvzhTe63HqlULArv9SimXYH7IQsYwdpIno1cxfoCe2nkqwxeQ+RULtwrV2A9kCIdisw9+buo7CE9RZlnl52KMwZcJGhKymCKumd/ub2IJIKGmnCsVAc5se6mWGpGOM1KbqJojMkQ92k6DpTBIyP1YBBJc0INx+rMHBZKjYRvJvPl1LyXi/95nUQH1W7KwjjRNCSTj4KEQx3BvB3YY5ISzUeGYCKZ2RCSAZaYaNNhyURH80EXSfOsYlpEd+flWnVaQhEcgENwDBC4BDVwC+qgAQh4Bq/gA3xaT9aL9Wa9T0YL1vTNPpiB9f0LAkqcVg==</latexit>

van Dokkum et al. (2018, Nature, 555, 629)
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arXiv:1804.04136

�MOND = 13.4+4.8
�3.7 km s�1
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arXiv:1804.04167

Figure 4. Results for measuring the observed biweight-midvairance dispersion from 10,000 resamples of the vD18b 
dataset. Here, the original velocities are perturbed within their 1 uncertainties as described in the text. The mean observed 

biweight for the sample comes out as 𝛔obs,bi = 14.3 ± 3.5 km s−1, giving 𝛔int,bi = 12.0 ± 2.5 km s−1, higher than the 90% 
upper limit from vD18b, and consistent with our MCMC analysis.

NGC 1052-DF2



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?



Review of relativistic theories 
containing MOND in the appropriate limit

• 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?

7.1 Scalar-tensor k-essence 
 7.2 Stratified theory 
 7.3 Original Tensor-Vector-Scalar theory 
 7.4 Generalized Tensor-Vector-Scalar theory 
 7.5 Bi-Scalar-Tensor-Vector theory 
 7.6 Non-minimal scalar-tensor formalism 
 7.7 Generalized Einstein-Aether theories 
 7.8 Bimetric theories 
 7.9 Dipolar dark matter 
 7.10 Non-local theories and other ideas

{
Famaey, B., & McGaugh, S.S. 2012, Living 
Reviews in Relativity, 15, 10

e.g., dark superfluid

http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu14.html#x24-360007.1
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu15.html#x25-370007.2
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu16.html#x26-380007.3
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu17.html#x27-390007.4
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu18.html#x28-400007.5
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu19.html#x29-410007.6
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu20.html#x30-420007.7
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu21.html#x31-430007.8
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu22.html#x32-440007.9
http://relativity.livingreviews.org/Articles/lrr-2012-10/articlesu23.html#x33-450007.10
http://relativity.livingreviews.org/
http://relativity.livingreviews.org/
http://relativity.livingreviews.org/Articles/lrr-2012-10/


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



Clusters of galaxies

(Sanders & McGaugh 2002)

dark matter shouldn’t need
dark matter



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

direct proof of dark matter?



bullet cluster shows same
baryon discrepancy in MOND

as other galaxy clusters
missing baryons in LCDM

missing baryons in MOND



observed shock velocity

CDM

bullet cluster collision velocity

Angus & McGaugh (2008) MNRAS, 383, 417



observed shock velocity

MOND

bullet cluster collision velocity

Angus & McGaugh (2008) MNRAS, 383, 417



Bullet cluster

• Mass discrepancy more naturally explained 
with dark matter.

• Collision velocity more naturally explained 
with MOND.


