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MOND movies 

n  https://astro.unistra.fr/fileadmin/upload/DUN/observatoire/Images
/GFThomas_MONDSgrstream_movie.mp4 

n  https://inspirehep.net/record/1082173/plots 
n  https://inspirehep.net/record/1082173/files/olivier3.png 
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Meaning of Empirical Relation 

n  Only a Generalized Kepler law. 
n  involves MG fields,  

q  but not enough to uniquely (covariant) prescribe. 
q  Zero? Scatter,  
q  Works at ANY? point in a galaxy 
q  Insensitive to 

n  History/SF/gas fraction/shapes/Luminosity 
n  Quiet Vrot and System with signs of interactions (rings).  
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Galaxies tell us a  
modified “Kepler-law” 
n  V2 / r = a = G M/r 
n  G = 6.67 x 10-11 (1+ 10-10/a )  

4 



(Modified) Kepler-law  
seen in galaxy rotation: a4/P4 ~ GM  



Empiric Kepler law to Newton Grav 

01/04/2011 School of  Physics & Astronomy, St Andrews 6 

a3 / P2 ~ constant for all planets  



q  Footprints of Galactic “Kepler-law”? 



Dynamical Friction small in Modified 
Kepler-law 
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Tiret & Combes 2007, A&A 464, 517 



01/04/2011 School of  Physics & Astronomy, St Andrews 9 



Polar rings 

01/04/2011 School of  Physics & Astronomy, St Andrews 10 



MG: history  
independent 
n  Mgaugh et al. prediction 
n  Crater 2: flattening might not be real 

Walker et al., 2017 private comm. 
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Most satellites has 10 Gyrs old 
populations. 
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Kroupa, Famaey, et al. (2010) 

              Milky Way



Dwarf galaxies on tidal rings 
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B
ournaud, D

uc et al. 2007, S
cience 



All Dwarfs have high M/L 

15 

Kroupa et al. 



No dwarfs form by DM recollapse 

01/04/2011 School of  Physics & Astronomy, St Andrews 16 



MW satellite galaxies lie 
within a thin plane 
(Pawlowski & Kroupa 2013). 
Analogous situation for M31 
(Ibata+ 2013) 

Galaxies observed 
forming within tidal 
tails (Mirabel+ 1992) 

Should only contain 
baryons as DM can’t cool 
and form dense tidal tails 
(Wetzstein+ 2007) 

Internal dynamics can’t be 
explained by Newtonian 
gravity (Kroupa, 2015) 

MW and M31 satellite 
galaxies have high internal 
velocity dispersions,  
requiring strong self-gravity 
(McGaugh & Wolf, 2010)) 

Satellites were formed 
from tidal debris. 
Alternatives not very 
likely (Pawlowski+ 2014 
and references therein) 



In Newtonian gravity, they 
were always moving slowly 
if given reasonable masses 

Local Group galaxies flying 
outwards at high speeds 

Only Milky Way or 
Andromeda could fling them 
out, if they were fast-moving 

Gravity is modified 

Try very high mass: a close 
flyby leads to high speeds 

Galaxies merge as dark 
matter halos overlap 

MNRAS: 459, 2237 
(Banik & Zhao, 2016) 



What about elliptical galaxies? 

MNRAS, 432, 1709 
Cappellari et. al. (2013) 

ApJ, 836, 152, 
Lelli+ (2017) – 
appendix A 

•  The acceleration is tightly correlated with the 
distribution of baryons in elliptical galaxies, 
in exactly the same way as in spirals! 

Astronomy & 
Astrophysics, 591, A98 
den Heijer et. al. (2015) 



In the DM framework rhodm = rho0r0
3/[(r + r0)(r2 + r0

2)] 
 
a typical DM halo surface density rho0r0 ≈a0 /(2πG)  
 
defines an acceleration constant a0 

Donato et al. (2009); Gentile, Famaey, Zhao, Salucci  (Nature 2009) 



Tidal dwarf galaxies 
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W
eibache et al.  



DM must exchange Energy & J 

n  Fat CDM haloes must merge, give only a few slow
 back splashers in 2Rvir  

n  MG fields do not absorb E & J 
n  Galaxies can FAST fly-by within 30 kpc,  

q  Satellites or dwarf can be sling-shot to large
 10Rvir / super-hubble velocity / planes /timing 

q  Free MG gravity/EFE in every satellite 0.2-2Mpc. 
q  ALL SIX must be true if MG 
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A bold test of friction: split MG/DM
 linking kpc/Mpc 

23 Zhao et al 2013, Pawlowski et al. 2013 



Empirically Modified Kepler-law force 
~ (250km/s)2 /r  
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Equation of motion 
Under Force F12 ~ (200km/s)2/r12  
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Fly-by 7 Gyrs ago 
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• Distances to
 actual galaxies 

Hubble diagram in ΛCDM 



Where are the high-velocity galaxies? 

MNRAS, 467, 2180 
(Banik & Zhao, 2017) 



Hubble diagram in MOND 

Ψ is angle of orbital 
angular momentum 
vector with that of 
MW-M31 orbit 



Banik & Zhao 2017ithin the HVG
 plane 



Encounter 7-10 Gyrs ago 
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Zhao et al. 2013, A&A Lett 



Dwarf line: 
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Future 

n  GAIA cleaner data on dwarfs 
n  External field effect of MOND (Banik et al.) 
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DM / MG: two sides of a coin? 

n  DM is relying on baryon effects and new
 scales 

n  MG is trying to imitate particles (by weird
 particles or scalar fields) on Mpc scale. 

n  Nature is Chemistry,   
q  property = emmergent 
q   ice = water = vapor.  
q  MG falsifiable by SIX effects in Mpc besides Lelli

-relation  
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Conclusion 

n  Modified Kepler-law predicts M31-MW 
frictionless fly-by. 
q  which must produce thick disk and tidal arms 

n  Satellites/star clusters born in tidal arm  
q  will show large M/L (e.g. LMC, Draco, YHG pal5). 

n  Need new theories for modified Kepler law:  
n  CDM dynamical friction produces low M/L 

baryon-only satellites on polar tidal arms of a 
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