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General relativity IV:General relativity IV:
Wr iting down the entire Wr iting down the entire 
Universe in one lineUniverse in one line
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Weak equivalence pr incipleWeak equivalence pr inciple
The The laws of mechanicslaws of mechanics are preciselyare precisely
the same in all inertial and freely the same in all inertial and freely 
falling frames. In particular, gravity is falling frames. In particular, gravity is 
completely indistinguishable from completely indistinguishable from 
any other acceleration.any other acceleration.

Strong equivalence pr incipleStrong equivalence pr inciple
The The laws of physicslaws of physics are precisely the are precisely the 
same in all inertial and freely falling same in all inertial and freely falling 
frames, there is no experiment that frames, there is no experiment that 
can distinguish them. can distinguish them. 
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General relativityGeneral relativity

•• Mass tells space how to curveMass tells space how to curve

•• Space tells mass how to moveSpace tells mass how to move
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Euclidean (flat) geometry:Euclidean (flat) geometry:

•• Given a line and a point not on the line, Given a line and a point not on the line, 
only one line can be drawn through that only one line can be drawn through that 
point that will be parallel to the first linepoint that will be parallel to the first line

•• The circumference of a circle of radius The circumference of a circle of radius rr is is 
22pp rr

•• The three angles of a triangle sum up to The three angles of a triangle sum up to 
180180°°
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Spher ical geometry:Spher ical geometry:

•• Given a line and a point not on the line, no  Given a line and a point not on the line, no  
line can be drawn through that point that line can be drawn through that point that 
will be parallel to the first linewill be parallel to the first line

•• The circumference of a circle of radius The circumference of a circle of radius rr is is 
smaller than smaller than 22pp rr

•• The three angles of a triangle sum up to The three angles of a triangle sum up to 
more than 180more than 180°°
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Hyperbolic geometry:Hyperbolic geometry:

•• Given a line and a point not on the line, an Given a line and a point not on the line, an 
infinite number of  lines can be drawn infinite number of  lines can be drawn 
through that point that will be parallel to the through that point that will be parallel to the 
first linefirst line

•• The circumference of a circle of radius The circumference of a circle of radius rr is is 
larger than larger than 22pp rr

•• The three angles of a triangle sum up to less The three angles of a triangle sum up to less 
than 180than 180°°
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SpacetimeSpacetime

•• Fourth coordinate: Fourth coordinate: ctct

•• time coordinate has different sign than time coordinate has different sign than 
spatial coordinatesspatial coordinates

•• spacespace--time distance:time distance:

•• aa , , bb, , gg :: metric coefficientsmetric coefficients

2222 xxtctcs D-DD-D=D gba 2222 xxtctcs D-DD-D=D gba
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Why does space curvature Why does space curvature 
correspond to gravity?correspond to gravity?

non-rotating disk

radius: r circumference: 2pr
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Why does space curvature Why does space curvature 
correspond to gravity?correspond to gravity?

rotating disk

radius: r
length contraction

� circumference: < 2pr
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Why does space curvature result Why does space curvature result 
in attraction ?in attraction ?
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Some effects predicted by the Some effects predicted by the 
theory of general relativitytheory of general relativity

•• gravity bends lightgravity bends light

•• gravitational gravitational redshiftredshift

•• gravitational time dilationgravitational time dilation

•• gravitational length contractiongravitational length contraction
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Why does space curvature result Why does space curvature result 
in attraction ?in attraction ?
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Tidal forces (I )Tidal forces (I )
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Tidal forces (I I )Tidal forces (I I )
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Tidal forces (I I I )Tidal forces (I I I )
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Tidal forces (IV)Tidal forces (IV)
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So does the existence of tidal forces So does the existence of tidal forces 
violate the equivalence pr inciple ?violate the equivalence pr inciple ?
•• there is no freely falling frame of reference there is no freely falling frame of reference 

in which gravity vanishes in which gravity vanishes globallyglobally

•• there is a freely falling frame of reference in there is a freely falling frame of reference in 
which gravity vanishes which gravity vanishes locallylocally

•• equivalence principle holds for equivalence principle holds for small labssmall labs, , 
“small”  in comparison to distances over “small”  in comparison to distances over 
which the gravitational field changes which the gravitational field changes 
significantly. significantly. 

•• spacespace--time is locally flattime is locally flat
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Towards a new theory for  gravity ...Towards a new theory for  gravity ...

Requirements:Requirements:

•• it should locally fulfill the equivalence it should locally fulfill the equivalence 
principleprinciple

•• it should relate geometry of space to the it should relate geometry of space to the 
distribution of mass and energydistribution of mass and energy

•• it should be locally flatit should be locally flat

•• it should reduce to Newtonian gravity for it should reduce to Newtonian gravity for 
small velocities (compared to small velocities (compared to cc) and for ) and for 
weak gravitational fieldsweak gravitational fields
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The entire Universe in one lineThe entire Universe in one line
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Why is general relativity (GR) Why is general relativity (GR) 
difficult ?difficult ?

•• conceptually difficult (relativity of space conceptually difficult (relativity of space 
and time, curvature of spaceand time, curvature of space--time)time)

•• set of 10 coupled partial differential set of 10 coupled partial differential 
equations equations 

•• non linear (solutions do not superpose)non linear (solutions do not superpose)

•• space and time are part of the solutionspace and time are part of the solution

�� exact solution known only for a very fewexact solution known only for a very few
simple casessimple cases
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ChecklistChecklist

•• How to deal with accelerations ? How to deal with accelerations ? 

•• How to deal with gravity ?How to deal with gravity ?

•• Newton’s gravity acts instantaneously, i.e. it Newton’s gravity acts instantaneously, i.e. it 
is inconsistent with special relativity’s is inconsistent with special relativity’s 
conclusion that information cannot be conclusion that information cannot be 
communicated faster than the speed of light.communicated faster than the speed of light.

•• Distance is relative, so which distance to use Distance is relative, so which distance to use 
in computing the gravitational force ?in computing the gravitational force ?

üü
üü

üü

üü
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So what is left to do ?So what is left to do ?

•• Show that general relativity provides a Show that general relativity provides a 
consistent and accurate description of natureconsistent and accurate description of nature
�� test it by experiment/observationtest it by experiment/observation


