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General relativity:

DYNAMICS OF THE EXPANSION



ACCELERATINGACCELERATING

Unbound   (E>0)Unbound   (E>0)

E=0E=0

Unbound (E<0)Unbound (E<0)

aa

Bound (E<0)Bound (E<0)





Cosmological backgrounds in  f(R) gravityCosmological backgrounds in  f(R) gravity







Tokareva & Nusser 06Tokareva & Nusser 06

The usual thermal history can be obtained for a wide range of The usual thermal history can be obtained for a wide range of 
matter contentmatter content



Modification of Newtonian Gravity: MONDModification of Newtonian Gravity: MOND
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MOND rotation curves compared to observed HMOND rotation curves compared to observed H II rotation curves for the four galaxies with Cepheidrotation curves for the four galaxies with Cepheid--based based 
distances. The dotted, longdistances. The dotted, long--dashed, and shortdashed, and short--dashed lines are the Newtonian rotation curves of the stellar dashed lines are the Newtonian rotation curves of the stellar 
disc, bulge, and gaseous components respectively.disc, bulge, and gaseous components respectively.
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N-body resultsN-body results
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A lot more work needs to be done.A lot more work needs to be done.

We still do not know how to form structure in MOND. We still do not know how to form structure in MOND. 

BekensteinBekenstein’’s relativistic TeVes is hard! s relativistic TeVes is hard! 



Back to Dark MatterBack to Dark Matter

There is a strong case for the LCDM, but there are some There is a strong case for the LCDM, but there are some 
annoying  annoying  anomaliesanomalies! ! 

Can a simple  modification of the physics in the dark sector Can a simple  modification of the physics in the dark sector 
resolve these anomalies?resolve these anomalies?













if LCDMif LCDM

Kinematics of stars a few kpc above the midplane of the Kinematics of stars a few kpc above the midplane of the 
disk:disk:



probably not  LCDMprobably not  LCDM























kinetic term of kinetic term of 
the fieldthe field

Lorentz factor Lorentz factor 
factorfactor

relativistic relativistic 
Lagrangian of a Lagrangian of a 

particle particle 

Text book: Landau & Lifshitz, Text book: Landau & Lifshitz, mechanicsmechanics



















Mass function at high z (simulation by R. Cen)Mass function at high z (simulation by R. Cen)






