
Space-time topography: 
studying Riemannian geometry by 

means of freely falling clocks

Angelo Tartaglia
Dipartimento di Fisica, Politecnico di Torino

INFN-Sezione di Torino

July 4 2009 Roma - LARES Workshop 1



Coordinates and positioningCoordinates and positioning

• Space-time is a 4-dimensional generally 
curved metric manifoldcurved metric manifold

• Gaussian coordinates may be used to 
l l    h  f ldlocalize events on the manifold.
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Emission coordinatesEmission coordinates

Signals

Light cone

ClocksClocks
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Null or light coordinatesg

Cartesian grid

Light rays gridg y g
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Tracking an object by pure time g j y p
measurementsTime

Proper time
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PositioningPositioning
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Light cone equations with 4 g
satellites (clocks)
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Equivalent systemEquivalent system
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SolutionsSolutions
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C fi ti  ( )Configurations (a)

Aramis
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C fi ti  (b)Configurations (b)

GPS-like
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Gravitational fieldGravitational field

tt
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Geodesic motion of the clocksGeodesic motion of the clocks

f h    If the motion is geodesic:
• Either the equation is knownEither the equation is known
• Or the number of parameters is known 

d t i  th  i f ti  b t th  and contains the information about the 
gravitational field
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The inverse problemThe inverse problem
A bit il  h  4 fi d i t  f  • Arbitrarily choose 4 fixed points four 
your fiducial reference frame

• Attribute to them the coordinates 
values you prefery p

• Record the arrival times of the signals 
from the clocks  at the fiducial points from the clocks, at the fiducial points 
for a long enough interval
Deduce the parameters of the • Deduce the parameters of the 
worldlines of the clocks
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Exploring the gravitational fieldExploring the gravitational field

l   l• Build geodesic triangles
• Cover a region of space time with Cover a region of space time with 

tetrahedra (Simplexes of the Regge 
calculus)calculus)

• Analyze the geometrical relations in the y g
covering
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Gaussian mapping of a curved pp g
manifold
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Geodesic triangles in space timeGeodesic triangles in space-time

ct

Null edge: electromagnetic signal 

Ti lik  d  f l  f lli  i  
Proper time

Time-like edges: freely falling massive 
test particles

xx
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Null tetradsNull tetrads

( )3210 ,,, eeeee ≡αLet an orthonormal tetrad
B ild  h l ll  Build a non-orthogonal null new one:
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We may write α
μαμ Fef = μμ

withw th
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Null coordinates: the metric 
tensor (tangent space)
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Space navigation with pulsarsSpace navigation with pulsars
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Two optionsTwo options

• X-ray pulsars
• Radio-pulsars

Our choice is millisecond Our choice is millisecond 
radio-pulsars
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Pulsars vs atomic clocksPulsars vs atomic clocks
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• ~ 1800 “clocks”
“Fixed” positions in the sky• Fixed  positions in the sky

• Very stable clocks
P d    • Periods ≥ 1 ms

• Extremely weak signalsy g
• Long integration times
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The foldingThe foldingThe foldingThe folding

IntegratedIntegratedIntegrated Integrated 
profileprofile

Folding

time

0      phase     1
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Experiment: Eppur si muoveExperiment: Eppur si muove

A modern version of  Galileo’s A modern version of  Galileo s 
sentence
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Tracking the Earth’s motion with Tracking the Earth s motion with 
respect to the pulsars

D t  f m P k s• Data from Parkes
• Collaboration with 
INAF - Cagliari
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The information is contained in the The information is contained in the 
relative phases of the signals from 
different pulsarsdifferent pulsars
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SummarySummary
• In General Relativity gravity is reduced to geometry
• Since electromagnetic signals span null intervals they are 
particularly fit for building space time based referenceparticularly fit for building space-time based reference 
systems
• The traditional techniques of topography can be extendedThe traditional techniques of topography can be extended 
to four-dimensional Riemannian manifolds
• The basic facets are timelike-null-null triangles where 
“distances” are measured by proper time intervals of freely 
falling clocks
• As clocks pulsars may be chosen• As clocks pulsars may be chosen
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