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1. The ultimate goal 
2. Two spacetimes 
3. Two physical principles 
4. What time is physical? 
5. Clocks 
6. Newtonian limit in cosmology 
7. Light time inhomogeneity 
8. Doppler tracking and range 

measurements 
9. Can the Hubble expansion be 

measurable in the solar system? 
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The ultimate goal of celestial mechanics 
and astrometry is to study the 
fundamental structure of spacetime 
geometry underlying the world. 

 

The truth of the geometry of space and 
time depends on the truth of axioms 
and, therefore, the question is whether 
the axioms are true. 
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There are two methods of testing the 
axioms of spacetime geometry:  
 

Extrinsic – look at the world “from 
external” dimensions (high-energy 
physics, LHC) 

  
Intrinsic – measure the internal 
relationships between geometrical 
entities of the spacetime manifold  
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• RCMA in the solar system was built under assumption 
that the background geometry is a static Minkowski 
spacetime 

 

 
• On the other hand, the background geometry in 

cosmology is the RW spacetime (“expanding space”) 
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TCB 
 

Physical time of the Hubble observers measured by clocks that are synchronized   
 

8/27/2012 IAU XXVIII General Assembly, Beijing 



6 

 Do the two geometries match?  
 

 At what level? 
 

 What principle(s) should we use to extrapolate 
RCMA from the Minkowski world to the 
expanding universe? 
 

 Will the Newtonian equations be the same? 
 

 Should we expect new effects?  
 

 If, yes, are they observable? 
 

 Can we find “non-expanding” standards of 
length in the “expanding space”? 

8/27/2012 IAU XXVIII General Assembly, Beijing 



Causality − the driving principle 

We arbitrarily can choose the geometry, or we 
arbitrarily can choose the causality; but we 
cannot choose both.   
     Hans Reichenbach 
                The Philosophy of Space and Time (1928) 
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What time is physical? 
Lemma: two conformally equivalent metrics have the  
   same causal structure  (identical light cones) 



Physical Realization of Clocks 

Yes 
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Newtonian Limit of RCMA in cosmology 
 

11 8/27/2012 IAU XXVIII General Assembly, Beijing 



Light time inhomogeneity  
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Doppler tracking  
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Integrated Doppler tracking  over a long time interval t (can be for years with current technology!) 

blue 
shift 
of  
frequency 
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spacecraft observer 
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Minkowski diagram of the integrated Doppler tracking 
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Is the Hubble expansion observable? 
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More details:  http://arxiv.org/abs/1207.3873  
Published online: Physical Review D, September 4th  
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