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ά¢ƘŜ ƘŀǊŘŜǎǘ ǘƘƛƴƎ ƻŦ ŀƭƭ ƛǎ ǘƻ ŦƛƴŘ ŀ ōƭŀŎƪ Ŏŀǘ ƛƴ 
a dark roomΣ ŜǎǇŜŎƛŀƭƭȅ ƛŦ ǘƘŜǊŜ ƛǎ ƴƻ Ŏŀǘέ 
 
                                                                                                -----Confucius 
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1. Introduction 

Observations of the dynamics of galaxies as well as the dynamics 
ƻŦ ǘƘŜ ǿƘƻƭŜ ¦ƴƛǾŜǊǎŜ ǊŜǾŜŀƭ ǘƘŀǘ ŀ Ƴŀƛƴ ǇŀǊǘ ƻŦ ǘƘŜ ¦ƴƛǾŜǊǎŜΩǎ Ƴŀǎǎ 
must be missing or, in modern terminology, this missing mass is 
made of dark matter.  The universe is observed to undergo an accelerated expansion 
(dark energy). 
 
Observations of galaxies reveal that there is a discrepancy between  
the observed dynamics and the mass inferred from luminous matter (Rubin et al. 1965, 
Rubin & Ford 1970).  
 
An alternative approach to the problem of missing mass is to replace  
dark matter by a modified gravity theory.  The generally covariant Modified Gravity 
(MOG) theory is a scalar-tensor-vector theory (STVG, JM, JCAP, 0603 004 (2006), 
arXiv:0506021 [gr-qc]).  

To-date no convincing detection of dark matter particles has been achieved in either 
laboratory or satellite experiments. 
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Experimental data that must be explained and fitted by MOG: 
 
1. Planck and WMAP cosmic microwave background (CMB) data: 
      Structure growth (stars and galaxies) 
      Angular acoustical power spectrum 
      Matter power spectrum 
      Accelerated  expansion of the universe. 
 
2. Galaxy rotation curves and galaxy evolution and stability. 

 
3. Galactic cluster dynamics. 

 
4. Bullet Cluster 1E0657-558 and Abell рнл ŎƭǳǎǘŜǊ άǘǊŀƛƴ ǿǊŜŎƪέ ŎƻƭƭƛǎƛƻƴΦ 

 
5. Gravitational lensing in cosmology. 

 
6.    Binary pulsar timing (PSR 1913+16). 

 
7.    Solar system experiments: 
       Weak equivalence experiments, light deflection by Sun, Shapiro time delay        
       (Cassini probe), planetary orbits. 
 
8. Strong gravity:  Event Horizon Telescope and black holes. 
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The MOG action is given by (STVG JM :  JCAP 0603 004 (2006), arXiv:0506021 [gr-qc] 

where 

2. MOG Field Equations (JCAP 0603 004 (2006), arXiv:gr-qc/0506021) 
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Varying the action with respect to the fields results in the MOG field 
equations. The variation of the actions SM ,  S˒  and SS and SEM with respect 
to the metric yields the energy-momentum tensor: 

We choose the positive root for the gravitational charge, Q  > 0. 

(  ̟ = 1 ) 



21/12/2014 8 

A test particle obeys the modified weak field Newtonian acceleration law:  

For an extended distribution of matter: 

A photon follows a null-geodesic path: 

k  ˃= photon momentum 
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The ultra-relativistic massless photon coupled to matter is screened by the effective 
gravitational constant       due to the mass                 screening mechanism  

For a point mass M the potential experienced by a photon is 

For an extended distribution of matter we have 

The vector field         and the scalar field  ̝ screen the local gravitational field in the 
vicinity of the Sun and earth, guaranteeing  agreement of MOG with solar system 
experiments.   
 
The gravitational radiation emitted indirectly by binary pulsars (pulsar timing), is 
also screened, so that only quadrupole radiation is detected in the wave zone. 
(JWM, arXiv:1410.2464 [gr-qc]. See also: JWM and V. T. Toth, MNRAS, 397, 1885 
(2009), arXiv: 0805.4774  [astro-ph]). 

(1/G = ̝ 2 /2) 
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Big bang at t = 0 followed by either inflationary expansion period or by variable 
speed of light (VSL) with c > c0  (c0  = measured speed of light today). 
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3. MOG Cosmology (JWM, arXiv:1409.0853 [astro-ph.CO]). 

We base our cosmology on the homogeneous and isotropic Friedmann-
Lemaitre-Robertson-Walker (FLRW) background metric: 
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At the time of big-bang-nucleosynthesis (BBN),  we have                      
guaranteeing that the production of elements agrees with observation.  At 
horizon entry and before decoupling                         . 
 
After decoupling                   until stellar and galaxy formation when                   ,                  
and the MOG non-relativistic acceleration law sets in to explain the rotation 
curves of galaxies and the dynamics of clusters without detectable dark matter. 

The first Friedman equation becomes  

The Jeans equation for density perturbations is 

(  ̟= 1) 

For the dark photon          the speed of sound 0 a = 0 and   



21/12/2014 15 

Evolution of structure growth, density perturbations and baryon-photon acoustic 
oscillations in MOG for  
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As the universe expands beyond the time of decoupling,  the gravitational 
attraction between baryons increases and                                                Eventually, as 
the large scale structures form                  and  the baryon dominated MOG takes 
over. The galaxy rotation curves and the galactic cluster dynamics are determined 
without dark matter.  The best fit values for       and      are:   

The phion mass parameter is a scalar field which evolves with time as the universe 
expands.  After horizon entry                               and the phion particle behaves like 
cold dark matter (CDM). When the earliest stars and galaxies form, the phion mass 
undergoes a significant decrease. In the present universe from the best fit value  
                              we get                                            The phion (hidden photon) mass 
becomes ultra-light and cannot contribute to the dynamics of galaxies and galactic 
clusters.  

We conclude that dark matter particles cannot be detected in the present 
universe, either by laboratory experiments or in astrophysical observations 
(Pamela, AMS, gamma ray bursts). 
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The acoustical angular power spectrum at the CMB can be calculated in MOG.  

For a constant non-zero value of     , we have in the present universe                  :                    

Now, red-shifting towards the CMB,         becomes smoothly bigger than       and 
 h   <<  1: 

It follows that the angular acoustical power spectrum calculation can be 
duplicated in MOG using the Planck 2013 best-fit values: 

ʍɽ = 0.6939,  ̀8 = 0.8271  
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The matter power spectrum determined by the distribution of matter obtained 
from large scale galaxy surveys can also be predicted by MOG. A suitable window 
function and an initial scale invariant power spectrum P0  are chosen to determine 
P(k). Baryon unit oscillations are greatly dampened by the window function. 

With a sufficiently large survey of galaxies, the unit baryon oscillations will begin to 
be observed and distinguish between MOG, without detectable dark matter, and 
the standard               model without unit baryon oscillations.  This is a generic test 
that can distinguish MOG from dark matter models.              
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 A prediction for the matter power spectrum that can distinguish MOG, 
without dark matter, from the standard ɽCDM model. Data from Battye, 
Charnock and Moss ( arXiv:1409.269, to appear in MNRAS). 
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Recent applications of MOG to galaxy dynamics is based on continuous 
distributions of baryon matter and realistic models of galaxy bulges 
and disks. 

4. ROTATION CURVES OF GALAXIES (JWM & S. Rahvar, 
MNRAS 436, 1439 (2013), arXiv: 1306.6383 [astro-ph]). 
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We adopt the best-fitting values of       and let and let the stellar-to-mass ratio  M/L 
be the only free parameter and obtain fits to the Ursa Major catalogue of galaxies. 
The average value of         for all the galaxies is  

The universal values of the parameters :  h= 8.89 ± 0.34 and ˃  = 0.042 ± 0.004 kpc-1. 
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arXiv:1310.2659 Ap. J. 785, 63 (2014). 

The solid red line is the Newtonian fit with a mass                                  The blue 
medium dashed and green short dashed lines correspond to MOG using the values                                                                                
                                                                                                                                                                                   
                                               , respectively.  The purple dash-dotted line is MOND with   

The black long - dashed line is the dark  

matter halo prediction.  
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5. Globular Clusters (JWM and V. T. Toth,  ApJ. 680, 1158 (2008)).   

Fitting velocity dispersions obtained from the Jeans equation to globular cluster data. 
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6. CLUSTER DYNAMICS (JWM & S. Rahvar, MNRAS, 441, 3724 
(2014), arXiv:1309.5077 [astro-ph]).  
We have used the observations of the nearby cluster of galaxies obtained by 
the Chandra telescope to examine MOG.  
 
Using the Virial theorem or a relaxed spherically symmetric cluster, we can 
relate the temperature and gas profile to the internal acceleration of the 
cluster 

The left-hand side of this equation is given by data, which has to be consistent 
with the dynamical mass obtained from the above equation: 
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We write the overall mass in Newtonian gravity in terms of the MOG 
dynamical mass: 

 
 
 
 
 
 
 
 
 
 
 

Here,         is already fixed by the fits to the galaxy rotation curves        = 8.89. 

The majority of the baryonic cluster mass is gas. For MOG to be consistent with 
the data, the MOG dynamical mass has to be identically equal to the Newtonian 
baryonic mass. 

We find for the best fit         value   


