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Abstract J07373039 is the recently-discovered, first-known double-putéaary, a very
compact double neutron star system in which both stars aserahble as radio pulsars. In
this review, we briefly describe the discovery and the studikich have been enabled by the
unigue properties of the system. These range from the mestgarconfirmation yet of the
theory of general relativity, with the possibility of everone new tests and the measurement
of second-order post-Newtonian effects, to studies of tagmatospheres and emission prop-
erties of the two pulsars. The discovery also resulted igmifstant increase in the expected
rate of occurrence of the mergers of double neutron staesysstand hence the likely rate of
detection of such events by the new ground-based gravittwave detectors.
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1 INTRODUCTION

The double-pulsar binary system JO73039 was discovered during a high galactic latitude sursaygu

a multibeam receiver on the Parkes 64-m radiotelescopecMsster et al. 2001). The first of the two pul-
sars to be discovered was JOFB039A (hereafter A), a 22.7-millisecond pulsar (Burgayle@03). The
period of the pulsar was seen to be changing rapidly, evemimihe short 4-minute discovery observa-
tion. This immediately suggested that it was acceleratinipé strong gravitational field of a companion
star. Subsequent observations in early 2003 showed thaisitiwa 2.4-hour, mildly eccentric (e = 0.088)
orbit. Within a few days, it was found that the longitude ofipstron was increasing at a rate of 17.88
degrees/year. Interpreted as arising from general réiatitis value indicated that the system had a total
mass of about 2.6 solar masses, suggesting that the secisad might also be a neutron star, albeit rather
less massive than previously determined neutron star asse

The data recorded during these initial measurements weretsed for the presence of pulses from a
companion pulsar but none were seen. However, in Octobe3 20-min observation revealed a brief
10-minute burst of pulses having a repetition period of Z&Fonds. Further investigations revealed that
these pulses showed the Doppler variations in period apigtegdor a pulsar companion to the millisecond
pulsar, demonstrating incontrovertibly that this seconldar, J073#3039B (hereafter B), was indeed the
companion, and of course that it was another neutron stare(ky al. 2004). This pulsar was found to be
radiating strongly only for two intervals of about 10 minsitduring the 2.4-hour orbit. Moreover, these
“bright” intervals always occurred at exactly the same @ldongitude. Much weaker radiation could also
be seen at other longitudes.

The properties of the system are summarized in Table 1. A lmagypical period, magnetic field
(6x10° G) and characteristic age (210 Myr) of a millisecond pulsdrile the 2.77-s period pulsar, B,
has the basic properties of a relatively young, unrecyclésigp, having a magnetic field of20'? G and
a characteristic age of 50 Myr. It is believed that the evohary sequence of the system is that of classical
double neutron-star formation (e.g. Bhattacharya & vankdeuavel 1991) in which the more massive of
two orbiting massive main-sequence stars evolves to itgiaa phase. This is followed by the collapse
of its core to a neutron star in a subsequent supernova éapldhe “kick” from the explosion must have
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Table 1 Basic Observed Parameters of PSRs JO7&¥39A and B

Pulsar PSR J07373039A PSR J073%3039B
Pulse periodP 22.7ms 2.77s

Period derivativeP 1.7 x 10~18 0.88 x 10~15
Orbital periodP;, 2.45 hours

Eccentricitye 0.088

Orbital inclination ~88 deg

Projected semi-major axis 1.42 sec 1.51 sec

Stellar mass\/ 1.337(5) M, 1.250(5) M,
Mean orbital velocityl, ., 301 kms! 323kms!
Characteristic age 210 Myr 50 Myr

Magnetic field at surfacé 6.3 x 109 G 1.2 x 1012 G
Radius of Light cylinderRr,c 1080 km 132000 km
Spin-down luminosityF 6000 x 1030 ergs™? 1.6 x 1030 ergs™!

been insufficient in size to disrupt the binary and so a yowtsgp is left orbiting the second main-sequence
star. Eventually, the second star enters its own red-giaas followed by a period of accretion of matter
onto the neutron star during which the latter spins up toigeitlond rotation period. The core of the second
star then collapses to another neutron star accompaniedunthar supernova explosion which again fails
to disrupt the binary, leaving a young pulsar, B, in orbitvwatmillisecond pulsar, A.

There are four main aspects of this system which offer thsipiisy of new advances in physics and
astrophysics and we address each of these areas in turn:

— New and more precise tests of gravitation theory than hage pessible before.

— The decay of the orbit due to the emission of gravitationdiation, implying an increased frequency
of occurrence of DNS coalescence events which might be wetdxy terrestrial gravitational wave
detectors.

— The impact of energy from the millisecond pulsar A on the negsphere of B, causing both rapid and
long-term modulation of the radio emission from B.

— The eclipse of the radio emission from A by the magnetospbieBe

2 TESTS OF GRAVITATIONAL THEORY

Non-relativistic binary systems are usually preciselycdieed by the five Keplerian parametef,,, asini,
e, w and T, and these are all accurately measured when one object issarphlowever, a number of
general relativistic corrections to this classical dgstan of the orbit - the so-called post-Keplerian (PK)
parameters - are needed if the gravitational fields are giriflg strong. In only a few months, using the
Parkes Telescope, the Lovell Telescope at Jodrell Banklan¢teen Bank Telescope, it was possible to
measure several general relativistic effects in 6 monthasttiok years to measure with the Hulse-Taylor
binary pulsar, PSR B1913+16.

The following five PK relativistic parameters have alreaggih measured in A, all causing small, but
highly significant, modifications to the arrival times of thglsars’ radio pulses:

Relativistic periastron advancew. This is the rotation of the line connecting the two pulsarshair
closest approach to one another. It arises from the distoaf space-time caused by the two stars, but
can also be understood as the result of the finite time neexdteld gravitational influence of one star
to travel to another. This causes a time delay, during wihietstars move so that the attractive force is
no longer radial.

Gravitational redshift and time dilation, ~. The redshift results in clocks appearing to run slowly in a
gravitational potential well and time dilation is the sg@aielativistic effect which results in moving
clocks appearing to run slowly. Both effects cause clockselto a neutron star to tick more slowly
than those further away. In other words the apparent puledapA will slow down when it is close to
B, and vice versa.

Shapiro delay,r and s. Radiation passing close to a massive body is delayed bedaysath length is
increased by the curvature of space-time, an effect that&imoverlooked but that was discovered in
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1964 by Irwin Shapiro (Shapiro 1964) from radar measuremienthe Solar System. Signals from A
are measured after they have passed through the distoeed-§me of B (in principle the effect could
also be measured for the signals from B but its pulses are fowozider and do not provide sufficient
temporal resolution). The signal delay is essentially acfiom of two parameters:, the shape, and
r, the range, of the delay experienced by the pulses (withing dependent on the inclination of the
orbital plane and on the mass of B).

Gravitational radiation and orbital decay, dPy,/dt. Almost every theory of gravitation predicts that the
movement of massive bodies around one another in a binatgrsywill result in the emission of
gravitational waves. This emission causes the bodies éodonsrgy and hence to spiral into one another,
so that they will eventually merge, creating a burst of gedional waves when they do so. The rate of
decrease of the orbital periodPy,/dt, indicates that orbits of the pulsars are currently shrigby
about 7 mm per day.

These effects can be used to carry out the elegant tests efajeelativity described by Thibault
Damour and Joe Taylor in 1992. They showed (Damour & Tayl®2)3hat in any reasonable theory of
gravity each PK parameter can be written as a function of tasses of the neutron stars, which are not
known, and the Keplerian orbital parameters, which can allv®easured with high precision. In other

words, for each PK parameter there is a unique relationgttipden the two masses of the system. Thus,

by inserting the measured value of each PK parameter intasbeciated equation linking the two masses,
one can plot the allowed masses of A and B as a curve in a platofrass against the other (see Figure 1).
For a theory of gravity to be correct, all the curves have tethas a single point representing the actual
values for the masses of the pulsars.

To date, some such tests have been carried out in two doeblkeem-star systems: in PSR B1913+16
(Taylor & Weisberg 1989) and in PSR B1534+12 (Stairs et a0220However, in the double-pulsar system
we gain an additional parameter because both pulsars alpéevamd we can measure the sizes of orbits of
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Fig.1 The mass-mass diagram for the JOZ3D39 system. Each measurement of a post-Keplerian pa-
rameter or the mass ratio places restrictions on the twtastalasses in the system. On this diagram, the
allowed areas are represented by regions lying betwees gfdines. All the measurements so far are con-
sistent with a small allowed region near the centre of thellssgaare frame which has been expanded in
the inset diagram by a factor of about 16.
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both objects with high precision. This gives us uniquelyrdig of the two stellar masses through

R="B5 A 069(6). 1)
aa Sing mp
This condition is independent of any theory of gravity and ba represented as a straight line passing
through the origin in the mass-mass diagram. The intemegiint of all the other curves must therefore
lie on this line. As Figure 1 shows, the measurements caoigdso far on PSR J07373039 are fully
consistent with general relativity, further demonstrgtitinstein’s remarkable insight.

We are also able to obtain the masses of the neutron starsergthigh precision. Our calculations
after only six months of observation gave 1.337005 solar masses for A and 1.250.005 solar masses
for B, which is the lightest neutron star ever discoveredn@ gt al. 2004). Plugging these values back
into the parameter functions then allows us to estimate tpeated value of each PK parameter and to
compare it with that observed. For instance, the ratio of/thees of the Shapiro parameter, s, predicted by
general relativity and that observed is 1.6@.002. We note that the errors in the measurements of all the
post-Keplerian parameters will continue to decrease wightime-span of the observations to the power of
between-0.5 and-2.5.

A further post-Keplerian effect is likely to be observedhiita few years, that of geodetic precession,
which arises because of the general-relativistic spintadiupling within the system. The pulse-shape
changes expected from this have already been observedB1818+16 system (Weisberg & Taylor 2002;
Kramer 1998), in which the precession period is about 300syda the cases of the two pulsars in the
J0737-3039 system, the precessional periods are about a factmuicgialler (Lyne et al. 2004). However,
so far no changes attributable to precession have beenvelder A, suggesting that the rotation and orbital
angular momentum vectors are aligned and that the lastisoyeeexplosion produced very little “kick” that
might have misaligned them (Manchester et al. 2005).

The measured value of s also shows that the orbit of the PSB7J@D39 system is within 2 degrees
of being edge-on as seen from Earth. This result was confibyedterstellar scintillation measurements
using the Green Bank Telescope in West Virginia (Ransom 08i4), although the results needed to be
modified to account for anisotropy in the scattering mediQuiés et al. 2005).

3 THE COALESCENCE RATE OF DOUBLE NEUTRON STARS

The rate of decrease of the orbital perid#t;, /dt, indicates that orbits of the pulsars are shrinking by about
7 mm per day, suggesting that A and B will merge in about 85anilyears (Burgay et al. 2003). Combined
with the knowledge that the system is relatively near to the &d that it has a low radio luminosity, this
rather short timescale suggests that the current genetgravitational-wave observatories such as LIGO
may detect bursts of gravitational waves from such coljdieutron stars as often as once every few years
(Kim, Kalogera & Lorimer 2003; Kalogera et al. 2004).

4 PROBING THE PLASMA

The double pulsar provides an unprecedented opportungtutty the workings of pulsars and their mag-
netospheres - the regions of space around pulsars in whaghdio emissions are generally created. In fact,
the emission from both pulsars is observed at some timesatiothe rotational imprint of the other.

Firstly, the emission from B varies systematically as it&sout its orbit (Figure 2), both in intensity
and in pulse shape, probably because a wind of chargedIparéind powerful electromagnetic radiation
emerging from A blows away about half of the magnetospherts gfartner, resulting in an asymmetrical
emission of radio waves (Lyne et al. 2004). In understandinat is happening, it is important to appreciate
that, as seen in Table 1, the rate of loss of rotational eneydy is about 4,000 times that lost by B, and
this will be reflected in a similar difference in their emasiof energy in the form of relativistic particles
and electromagnetic radiation. The dominant role of A ovés irther revealed by a careful examination
of Figure 2, presented by Maura McLaughlin at Jodrell Ban#t eolleagues (McLaughlin et al. 2004a).
This reveals a modulation at 22.7 milliseconds in the putdd® seen as slightly downward-sloping drifts
within the pulse. This shows directly the influence of A on Blgwobably arises from the impact of
electromagnetic radiation emitted by A with the frequenty4Hz impacting upon the magnetosphere of
B. In fact the sloping drifts can be modelled exactly by assgnthat the 44 Hz radiation travels between
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Fig. 2 Data from the J07373039 system strobed at the 2.77-second observed rotat@moffa. This shows
part of the orbit containing one of the two 10-minute lond&uanges where it is bright, and the pulses can
be seen running down the middle of the diagram. Only 10% opthred of B around the pulse is shown.
Single pulses from A can also be seen following approximggtatabolic tracks. Differential Doppler effects
result in the observed pulsation periods varying and thifgrddy exactly a factor of exactly 122 at orbital
phase 226 where the tracks from the two pulsars are parallel. Car¢figlysof the wide pulses of B reveal

fine structure seen as slightly downward-sloping featuepsesenting modulation of its emission at the
22.7-ms rotation period of A.

the two pulsars at exactly the velocity of light. The pattepeats every orbit but has been found to evolve
in time (Burgay et al. 2005).

Zhang & Loeb (2004) and Lyutikov (2005) have proposed modelwhich the variations are due
to the changing direction of impact of the A wind on the B magsphere. Zhang & Loeb propose that
the B pulse emission is enhanced by the A wind penetrating ade the B magnetosphere and directly
emitting curvature radiation, whereas Lyutikov suggdsas the A wind simply modulates the B pulse beam
direction, moving it in and out of our line of sight at differeorbital phases.

Secondly, much of the emission from A disappears for abostiB@ach orbit (Figure 3). This occurs
when A passes behind B, so it is clear that the signal from Aeiadpabsorbed by the relativistic plasma
surrounding its partner (Lyne et al. 2004; McLaughlin e28i04b). This eclipsing of A is possible because
the orbits of the binary system happen to be almost exactig-®th as seen from Earth (section 2), and
means that we can probe the structure and density of the ruegpiere of B using the A signal. During
this time, high time resolution measurements show the mofi the rotating magnetosphere of B in the
pulses of A as they pass through it (McLaughlin et al. 2004bjs is the first time such a feat has been
possible. Indeed, it is clear that the degree of absorptigedds on the orientation of B's magnetic poles
as it passes in front of A, allowing measurement of the trarespcy of B's magnetosphere as a function
of the pulsar’s orientation (Figure 3). The eclipse is ptdpaue to synchrotron absorption, either within
a magnetosheath surrounding B’s magnetosphere (Lyuti@04;2Arons et al. 2005) or within the closed-
field-line region of the magnetosphere (Rafikov & Goldrei®®2; Lyutikov & Thompson 2005).

5 CONCLUSION

Several fortunate circumstances have come together to thalse studies possible. Not only is this a
double-neutron-star system, but



A Review of The Double Pulsar 167

— It has a very compact orbit, giving rise to intense grawtaail fields and accelerations and hence abun-
dant post-Keplerian gravitational effects

— One pulsar is a millisecond pulsar which enables thesetsffede measured with high precision

— Both neutron stars are visible, allowing the mass-raticeta&termined

— Both pulsars have large flux densities, giving high-precisheasurements

— The orbit is nearly edge on, so that the Shapiro delay can lasuned with high precision.

All these properties enhance the quality and speed of thedégravitation theories in the strong-field
regime. Furthermore, the last three also enable the imaiins of the interactions between the stars and
the probing of the magnetospheric properties.

Pulsed flux density (arbitrary units)

Pulsed flux density (arbitrary units)

89 90 91

Orbital phase (degrees)

Fig. 3 Approximately 70 seconds of data showing the eclipse of Angyrhagnetosphere of B, showing
the modulation of the radiation by the rotation of the magsphere of B. The top three traces show high
time resolution plots of three consecutive eclipses. Thidoca dotted lines represent the times when the
radio pulses of B arrive at the Earth and its active magnetie [ directed at us. The fine features in the
eclipses are clearly synchronised with this rotation. Tiagm@m just below is the average eclipse profile
obtained by summing the eclipses after a small adjustmeaiign them with the rotation of B. The bottom
diagram is the form of the eclipse for each of four differestiation phases of B. The eclipse is clearly
deepest and longest at phase 0.5, i.e. when the non-radiatignetic pole is directed towards the Earth
(McLaughlin et al. 2004b).
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Future observations of binary systems like PSR J67R¥39 promise to greatly increase our knowledge
of strong-field gravity, but finding these systems will be altdnge. This is because double pulsars are
extremely rare and, more importantly, because the Dopfflestecauses their pulse periods to vary rapidly
even during a short observation. It therefore becomes mifiieutt to detect the pulsars’ periodicity using
normal Fourier techniques and more sophisticated and ctatipuoally challenging search algorithms will
have to be employed to uncover them.
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