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Galactic Positioning System
physical relativistic coordinates for the Solar System and its surroundings
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INTRODUCTION

Today, there is a certain trivialization of the coordinate systems —suggested in part by the 
(post-)Newtonian perturbation methods involved in the evaluation of ‘relativistic 
effects.’— Furthermore, contrarily to an extended opinion, relativistic and classical 
coordinate systems differ strongly, not only in their conceptual or formal aspects, but also  
in their physical or material forms, i.e., in their construction.  

We are now at a turning point, where relativistic particularities are taken into account in 
order to ameliorate the results of our experiments, but are conceptually crushed by the 
Newtonian perturbation approach.

An alternative approach, directly based in relativistic coordinate systems, naturally 
integrates the ‘relativistic effects’ —which are nothing but the expression of the 
divergences between Nature and Newtonian theory— and prepares us to take advantage of 
the next generation of high precision clocks. 

After an introduction of some conceptual and operational ingredients related to relativistic 
coordinate systems, our pulsar-based positioning system for the Solar System is sketched.

LOCATION SYSTEMS

A coordinate system is a mathematical object. In our physical space-time, there are many 
ways to materialize a coordinate system, to give detailed protocols for its physical 
construction. Every one of these protocols gives rise to a location system.

Essentially, a location system in a region of the space-time is a set of real or virtual, 
passive (test) physical fields, parameterised in such a way to localize every one of the 
points of the region from the values of its parameters. In the space-time, a coordinate 
system is defined by its (congruences of) coordinate lines, by its (one-parameter families 
of) coordinate surfaces, or by a convenient set of both elements. Consequently, the physical 
fields needed to define a location system are nothing but those necessary to define these 
ingredients.

Reference and positioning systems

The goal of some location systems is to situate points of a region with respect to one 
observer (generally located at the origin); such location systems are known as reference 
systems. The goal of other location systems is to indicate its own position to every point of 
the region; they are called here positioning systems.

In Newtonian theory, as far as the velocity of light is supposed infinite, both goals are 
exchangeable in a sole location system. In relativity this is no longer possible.

Real and virtual elements

Almost all the usual location systems (e.g., BCRS or GCRS) define generically virtual 
coordinate lines or surfaces, of which only the ones that cross at the particular localized 
points are to be actually constructed or evaluated.

Real and virtual location systems for the plane

For others location systems (like GLONASS  or GPS),  these ingredients are all real.

The real or virtual character of a location system is intimately related to a very important 
property: that of being immediate or retarded. A location system is immediate if every 
point of its space-time domain may know its coordinates without delay, in real time. 
Otherwise, it is retarded. For example, the Einstein’s two-way signal reference system for 
inertial observers is retarded.

Positioning systems are important

Sensu stricto, there is no prediction with retarded location systems: retarded data allow to 
make history, not predictive physics. And it is easy to see that, in contrast to reference 
systems, which are necessarily retarded, only real positioning systems are immediate.

Observe that all of the theoretical studies about relativistic effects between distant points 
(time transfer) are at present given in coordinate systems (Cartesian inertial, Schwarzschild, 
isotropic, harmonic, etc.) unable to be directly described by real positioning systems. Even 
the standard Minkowski coordinates (x,y,z,t) of an event, although bona-fide relativistic 
coordinates, are not immediate (using, for instance, Einstein’s protocol, the coordinates are 
known only after the delay necessary for light signals to travel to/from the origin of the 
system).

Such a situation is acceptable only if the order zero of their Newtonian development is a 
good physical approximation. Consequently, in a next future, these studies should be 
corrected and expressed in terms of coordinates admitting a real and immediate 
construction, i.e., able to be realized as positioning systems.

Earth and Galactic systems

For the neighbours of the Earth, the project SYPOR (see ref. 1) proposes to use the 
constellation of satellites of the GNSS GALILEO as a primary and autonomous relativistic 
positioning system. Four clocks in arbitrary motion in space-time, broadcasting their proper 
time, constitute the basis for such a system: the coordinates of a point (i.e., of a space-time 
event) are, by definition, the four times ( t1, t2, t3, t4 ) of the four signals converging at that 
point, as recorded by a receiver. So any observer able to receive the signals is able to 
(instantaneously) know its own coordinates, in fact, its own space-time trajectory, 
expressed in these ‘light-coordinates’ (we say ‘light-coordinates’ because one would 
typically use electromagnetic waves to propagate the signals). Some day, all positioning 
satellite systems will be run this way.

For the Solar System, instead of the proper time signals broadcasted from the Earth 
satellites, we propose to use pulsar pulses as the analogue signals. Pulsars are rotating 
astronomical objects, located in the Galaxy, that emit quasi-periodic signals. Of particular 

interest to us are the millisecond pulsars (with a period of the order of 1 ms). The main 
source of variability in the pulsars’ signals is the interstellar medium, that imposes an 
uncertainty in the measurement of arrival times of the order of 4 nanoseconds. Such pulses 
do not allow the same short scale performance that the embarked atomic clocks but, under 
some restrictions, are sufficient to construct a physically acceptable positioning system, as 
we explain in what follows.

Rhythmic, sequenced and parameterized signals

A signal is said rhythmic if it allows to univocally associate to any point (instant) a next 
point in such a way that the associated of two ordered points remain ordered (note that a 
rhythmic signal does not need to be periodic).  A rhythmic signal associates, by iteration, a 
sequence of points to any given point, and a rhythmic signal is said sequenced if a point on 
it has been given. A sequenced signal is said parameterized if the sequence of points has 
been numbered.

THE GALACTIC POSITIONING SYSTEM

Pulsar signals are, in the vicinity of the Solar System, real and passive (test) physical 
(electromagnetic) fields. In the space-time, they draw light cones centred on the world line 
of the pulsar, i.e., sequenced families of (hyper-)surfaces. So, in order to constitute 
ingredients for the construction of coordinate systems, they have only to be  parameterized. 
And, as they are sequenced, we need only to associate to them a particular point, an origin.

Signals of some millisecond pulsars

As a general method, we chose here the origin to be transported to the users of the 
positioning system, which will be then able to find their Galactic coordinates. The 
following figure shows how such a transport works in a bi-dimensional space-time. 

Transport of the origin by an "spacecraft"

The Galactic frame for the Solar System

We propose to define the Galactic Positioning Frame as follows:

1. By convention the basic four millisecond pulsars will be:

     0751+1807 (3.5 ms)     ,      2322+2057 (4.8 ms), 
     0711-6830 (5.5 ms)     ,     1518+0205B (7.9 ms). 

Their angular distribution around the Solar system is quite even (they look almost like the 
vertices of a tetrahedron seen from its center).

The basic millisecond pulsars and the Solar System

2. We define the origin (τ1,τ2,τ3,τ4) = (0,0,0,0) of the space-time coordinates as the event 
0H0’0”, January 1, 2001, at the focal point of the Cambridge radiotelescope (the one 
that was used for the discovery of the pulsars).

Then, any other space-time event, on Earth, on the Moon, anywhere in the Solar system or 
in its vicinity, provided it is joignable from Earth, has its own coordinates attributed.

With present-day technology, this locates any space-time event with an accuracy of the 
order of 4 ns, i.e., of the order of one meter. This is not an extremely precise coordinate 
system, but it is extremely stable and has a great domain of validity.

Let us remark that the anomalies in shape and arrival time (within the average pulse period) 
are of great interest for the authentication of the origin, and may give rise to other easier 
methods of origin transport.

Pulse variations in shape

Domains of interest

      A first point of interest in the analysis of the Galactic positioning system based on 
pulsars, is its relatively simple mathematical structure, as compared with its Earth analogue 
based on a constellation of satellites.

In this last case, and already at the zero order in the gravitational field (Minkoswki level) 
the light cones are quadratic hypersurfaces, so that the space-time metric in the associated 
light coordinates has a complicated expression. In the Galactic case, nevertheless, the 
signals of the pulsars arrive  at the Solar System practically as plane waves, so that every 
pulsar may be modelled as a plane antenna emitting with a very stable period.

As a consequence, our Galactic coordinates { τA } , A = 1,2,3,4, and the Cartesian BCRS 
coordinates { xα } of same origin, are related by

                                        ,

where the ni
A are the director cosines of the pulsar A, n0

A = 1 , and νA is its frequency. 
Conversely, one has

                                                                                          ,

where the  mR
α  are the inverses of the  nR

α , and the  tA = τA / νA  are the `lapses'. The 
space-time metric in these light-coordinates is then of the form

                                                                                                     , 

where                                                   .

This advantage not only allows  i) to make easy many calculations, but also  ii) to give the 
first explicit example of Minkowskian relativistic positioning systems,  iii) to interpret it as 
the instantaneous asymptotic limit of the relativistic GNSS and  iv) to take it as the order 
zero in the gravitational field of more realistic models.

      The possibility for the Earth to share a common immediate and relativistic coordinate 
system with other planets and satellites would improve the precision to which we know 
their position and trajectories. Should we, one day, be able to equip space-crafts with 
receivers of pulsar signals (in fact, miniature radio telescopes), they could continuously 
send their space-time position to us. This would help, for instance, in better understanding 
the vicinity of our Solar System and, in particular, Pioneer 10/11, Galileo and Ulysses 
acceleration anomalies.

The Pioneer 10/11 plaque

We are grateful to François Biraud for helping in the selection of the four pulsars.
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Relativistic Positioning Systems are the best realizations of coordinate systems conceived up to now. We propose to use the signals of millisecond pulsars as a relativistic positioning 
system valid in and beyond our Solar System.  The analogue of a GPS receiver is here a radio telescope, so that such a positioning system is heavy to use, but its interest is strong. Its 
study constitutes a simplified version of the relativistic positioning system recently proposed as primary reference system for the Earth (SYPOR project). A simple qualitative 
analysis of this last system and its relation to the usual, conventional reference frames may be made, allowing to better understand this new class of coordinate systems. 


