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Ever since their discovery, pulsars have been used as precise cosmic clocks. Their observations in

binary systems takes us beyond the weak-�eld regime of the so lar-system in the study of theories

of gravity. Their contribution is crucial as no test can be considered to be complete without

probing the strong-�eld realm of gravitational physics by � nding and timing pulsars. This is

particularly highlighted by the discovery of the �rst doubl e pulsar system which is unique in

that both neutron stars are detectable as radio pulsars. This, combined with signi�cantly higher

mean orbital velocities and accelerations when compared to other binary pulsars, provides the

best available testbed for general relativity and alternative theories of gravity in the strong-�eld

regime. However, more extreme binary systems are expected to exist, and we expect them to be

uncovered in sensitive surveys with the Square Kilometre Array (SKA). The SKA will be a radio

telescope with a collecting area that will exceed that of existing telescopes by a factor of a hundred

or so. This sensitivity allows us to perform a Galactic Census of pulsars which will discover a

large fraction of active pulsars beamed to us, including the long-sought for pulsar-black hole

systems. Regular observations of these systems with the SKA will probe the ultra-strong �eld

limit of relativistic gravity. By using pulsar timing we can determine the properties of stellar and

massive black holes, thereby testing the Cosmic Censorship Conjecture and the No-Hair theorem.

The large number of millisecond pulsars discovered with the SKA will also provide us with a

dense array of precision clocks on the sky. These clocks will act as the multiple arms of a huge

gravitational wave detector, which can be used to detect and measure the stochastic cosmological

gravitational wave background that is expected from a number of sources.
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1. Introduction

Almost a hundred years after Einstein formulated his theory of general relativity (GR), efforts
in testing GR and its concepts are still being made by many colleagues around the world, using
many different approaches. To date GR has passed all experimental and observational tests with
�ying colours, but in particular in light of recent progress in observatio nal cosmology, presented
also at this conference, the question of whether alternative theories of gravity need to be considered
is as topical as ever.

Many experiments are designed to achieve ever more stringent tests by either increasing the
precision of the tests, or by testing different, new aspects. Some of the most stringent tests are
obtained by satellite experiments in the solar system, providing exciting limits on the validity of GR
and alternative theories of gravity like tensor-scalar theories. However, solar-system experiments
are made in the gravitational weak-�eld regime, while deviations from GR may ap pear only in
strong gravitational �elds. It happens that nature provides us with an almos t perfect laboratory to
test the strong-�eld regime � radio pulsars.

Pulsars are highly magnetized rotating neutron stars and are unique and versatile objects which
can be used to study an extremely wide range of physical and astrophysical problems. Besides
testing theories of gravity one can study the Galaxy and the interstellar medium, stars, binary
systems and their evolution, plasma physics and solid state physics under extreme conditions. For
tests of theories of gravity, pulsars are in particular useful if they are in orbit with another compact
body. In such case, we encounter two gravitational test masses of which (at least) one is �tted
with a precise cosmic clock. By tracing the motion of this clock in the curved space-time of its
companion, we can test the predictions of GR and alternative theories of gravity.

This type of experiment is exempli�ed by the �rst ever discovered double p ulsar [1, 2]. This
unique system allows us to test many aspects of gravitational theories at the same time, representing
a truly unique laboratory for relativistic gravity. Despite the amazing properties of the Double
Pulsar discussed later, it is by far not the most extreme system that we can expect to �nd. Indeed,
more exciting systems should exist in the Galaxy, of which the crown jewel would undoubtedly be
a pulsar orbiting a black hole. Such a system would be a unique probe for testing gravity, allowing
us to determine and precisely measure the properties of black holes. However, a pulsar - black
hole system is certainly rare, and even if we were to �nd it today, current technology would not
be suf�cient to perform the necessary experiments. But pulsar astron omers do not despair since
the solution is already on the drawing board: it is called the Square-Kilometre Array (SKA)! The
SKA will provide an unique gigantic collecting area which will not only allow to us to discover
the whole potentially observable Galactic pulsar population, including pulsar - black hole systems,
but it also also provides us with the sensitivity to achieve the needed timing precision to exploit the
discovered systems. We will outline these experiments further below.

2. Binary pulsars as gravitational laboratories

Strictly speaking, the separation between a binary pulsar and its companion is large enough
for the pulsar to move in the weak gravitational �eld of a companion. However, they do provide
precision tests of the strong-�eld regime. This becomes clear when considering strong gravitational
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self-�eld effects which are predicted by the majority of alternative theories . Such effects would,
for instance, clearly affect the pulsars’ orbital motion, allowing us to search for these effects and
hence providing us with a unique precision strong-�eld test of gravity.

The bodies encountered in the solar system are not massive and compact enough to allow
similar experiments, so that the strong-�eld limit which is largely unexplored. Te sts involving the
observations of X-ray binaries may help, but the interpretation of these results depends to some
extent on physics (e.g. accretion physics) which is complex so that the involved conditions are
known with only limited precision. In contrast, binary pulsars with white dwarf and neutron star
companions represent systems of test masses that only interact gravitationally, so that their motions
should be fully explained by the theory of gravity to be tested. The best test bed known is the unique
Double Pulsar system.

3. The Double Pulsar

Our team discovered the 22.8-ms pulsar J0737�3039 in April 2003 [1] in an extension to
the hugely successful Parkes Multi-beam survey [3]. It was soon found to be a member of the
most extreme relativistic binary system ever discovered: its short orbital period (Pb = 2:4 hrs)
is combined with a remarkably high value of periastron advance ( �ω = 16:9deg yr�1, i.e. four
times larger than for the Hulse-Taylor pulsar PSR B1913+16). This large precession of the orbit
was measurable after only a few days of observations. The system parameters predict that the two
members of the binary system will coalesce on a short time scale of only � 85 Myr. This boosts the
hopes for detecting a merger of two neutron stars with �rst-generation gro und-based gravitational
wave detectors by a factor of 5 to 10 compared to previous estimates based on only the double
neutron stars B1534+12 and B1913+16 [1, 4].

In October 2003, we detected radio pulses from the second neutron star [2]. The reason why
signals from the 2.8-s pulsar companion (now called PSR J0737�3039B, hereafter �B�) to the mil-
lisecond pulsar (now called PSR J0737�3039A, hereafter �A�) had not been found earlier, became
clear when it was realized that B was only bright for two short parts of the orbit. For the remainder
of the orbit, the pulsar B is extremely weak and only detectable with the most sensitive equipment.
The detection of a young companion B around an old millisecond pulsar A con� rms the evolu-
tion scenario proposed for recycled pulsars and provides a truly unique laboratory for relativistic
gravity.

Timing observations of PSR J0737�3039A/B have been undertaken using the 64-m Parkes
radio telescope in New South Wales, the 76-m Lovell radio telescope at Jodrell Bank Observatory,
UK, and the 100-m Green Bank Telescope in West Virginia. Because of its narrower and more
stable pulse pro�le, pulsar A can be timed with a much higher precision than B. T he latest timing
results [5] using the DDS timing model [6] resulted in the measurement of �ve �P ost-Keplerian�
(PK) parameters. The PK parameters are �corrections� that need to app lied to a simple Keplerian
orbit in order to describe the observed pulse times-of-arrival (TOAs). It is important to note that
the PK parameters are measured as additional parameters in a theory independent and phenomeno-
logical way, so that they can be compared with predictions from gravitational theories. One can
show [7] that for point masses with negligible spin contributions, the PK parameters should only be
functions of the a priori unknown pulsar and companion mass and the easily measurable Keplerian
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parameters. The actual functions will be different for different theories of gravity, but with the two
masses as the only free parameters, an observation of two PK parameters will already determine
the masses uniquely in the framework of the given theory. The measurement of a third or more PK
parameters then provides a consistency check for the theory to be tested.

The �rst PK parameter to be measured for the Double Pulsar was �ω , describing a relativistic
advance of periastron. It provides an immediate measurement of the total mass of the system,
(MA + MB). The second PK parameter γ denotes the amplitude of delays in arrival times caused
by the varying effects of the gravitational redshift and time dilation (second order Doppler) as
the pulsar moves in its elliptical orbit at varying distances from the companion and with varying
speeds.

Two other PK parameters, r and s, are related to the Shapiro delay caused by the gravitational
�eld of the companion. It describes the extra pathlength caused by the cur vature of space-time
to be travelled by the electromagnetic signal when it passes the companion. Usually, depending
on timing precision, a Shapiro delay can only be measured if the orbit is seen nearly edge-on.
However, the observation of short eclipses in the emission of A during superior conjunction indicate
that we are observing the Double Pulsar almost completely edge-on. Using GR, we can identify
the measured parameter s with sin i where i is the inclination angle of the orbit. Indeed, the value
of s derived from our timing observations corresponds to i = 88�:69+0�:50

�0�:76.
After less than three years since the Double Pulsar’s discovery, we also measured a decay of

the orbit due to gravitational wave damping which is expressed by a change in orbital period, �Pb.
The value of �Pb corresponds to a shrinkage of the orbit at a rate of 7mm per day.

In addition to tests enabled by the PK parameters, the access to the orbit of both neutron stars
� by timing A and B � provides yet another constraint on gravitational theories that is qualita tively
different from what has been possible with previously known double neutron stars: using Kepler’s
third law, the measurement of the projected semi-major axes of both orbits yields the mass ratio,

R(MA;MB) � MA=MB = xB=xA: (3.1)

For every realistic theory of gravity, we can expect R to follow this simple relation [7], at least
to 1PN order. Most importantly, the R value is not only theory-independent, but also independent
of strong-�eld (self-�eld) effects which is not the case for the PK para meters. In other words, any
combination of masses derived from the PK parameters must be consistent with the mass ratio. The
ability to measure this quantity provides therefore an important and unique constraint. With �ve
PK parameters already available, this additional constraint also makes the double pulsar the most
overdetermined system to date where the most relativistic effects can be studied in the strong-�eld
limit.

One can display these tests elegantly in a �mass-mass� diagram as shown in Fig ure 1. Mea-
surement of the PK parameters gives curves on this diagram that are in general different for different
theories of gravity but which should intersect in a single point, i.e., at a pair of mass values, if the
theory is valid [7]. Together with the mass ratio R, the PK parameters provide a total of six curves
in the mass-mass diagram. Determining an intersection point using a pair of curves, we obtain four
independent tests of GR, more than for any other known system.

Figure 1 shows that all measured constraints are consistent with GR. The most precisely mea-
sured PK parameter currently available is the precession of the longitude of periastron, �ω . We can
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Table 1: Parameters for PSR J0737�3039A (A) and PSR J0737�3039B (B) as measured by [5]. The �ve
Keplerian binary parameters (Pb;e;ω;T0, and x) are derived for pulsar A. The �rst four of these (with an
offset of 180� added to ω) and the position parameters were assumed when �tting for B’ s parameters. Five
post-Keplerian parameters have been measured so far. An independent �t of �ω for B yielded a value (shown
in square brackets) that is consistent with the much more precise result for A. The value derived for A was
adopted in the �nal analysis.

Timing parameter PSR J0737�3039A PSR J0737�3039B

Right Ascension α 07h37m51s:24927(3) �

Declination δ �30�3904000:7195(5) �

Proper motion in the RA direction (mas yr�1) �3:3(4) �

Proper motion in Declination (mas yr�1) 2:6(5) �

Parallax, π (mas) 3(2) �

Spin frequency ν (Hz) 44.054069392744(2) 0.36056035506(1)
Spin frequency derivative �ν (s�2) �3:4156(1)� 10�15 �0:116(1)� 10�15

Timing Epoch (MJD) 53156.0 53156.0
Dispersion measure DM (cm�3pc) 48.920(5) �

Orbital period Pb (day) 0.10225156248(5) �

Eccentricity e 0.0877775(9) �

Projected semi-major axis x = (a=c)sin i (s) 1.415032(1) 1.5161(16)
Longitude of periastron ω (deg) 87.0331(8) 87.0331 + 180.0
Epoch of periastron T0 (MJD) 53155.9074280(2) �

Advance of periastron �ω (deg/yr) 16.89947(68) [16.96(5)]
Gravitational redshift parameter γ (ms) 0.3856(26) �

Shapiro delay parameter s 0:99974(�39;+16) �

Shapiro delay parameter r (µs) 6.21(33) �

Orbital period derivative �Pb �1:252(17)� 10�12 �

Timing data span (MJD) 52760 � 53736 52760 � 53736
RMS timing residual σ (µsec) 54 2169
Orbital inclination angle (deg) 88.69(-76,+50)
Mass function (M�) 0:29096571(87) 0:3579(11)

Mass ratio, R 1.0714(11)
Total system mass (M�) 2.58708(16)
Neutron star mass (m�) 1.3381(7) 1.2489(7)

combine this with the theory-independent mass ratio R to derive the masses given by the intersec-
tion region of their curves: mA = 1:3381 � 0:0007 M� and mB = 1:2489 � 0:0007 M�. Assuming
GR and using these masses and the Keplerian parameters, we can predict values for the remaining
PK parameters. Four independent tests that are currently available. The Shapiro delay gives the
most precise test, with sobs=spred = 0:99987 � 0:00050. This is by far the best test of GR in the
strong-�eld limit, having a higher precision than the test based on the observ ed orbit decay in the
PSR B1913+16 system with a 30-year data span [8]. As for the PSR B1534+12 system [9], the PSR
J0737�3039A/B Shapiro-delay test is complementary to that of B1913+16 since it is not based on
predictions relating to emission of gravitational radiation from the system [10]. Most importantly,
all four independent tests of GR provided by the Double Pulsar are qualitatively different from all
previous tests because they include one constraint (R) that is independent of the assumed theory of
gravity at the 1PN order. As a result, for any theory of gravity, the intersection point is expected
to lie on the mass ratio line in Figure 1. GR also passes this additional constraint with the best
precision so far.
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