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The Double Pulsar
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University of Manchester
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Abstract. A new era in fundamental physics began with the discovery of pulsars 1967,
the discovery of the rst binary pulsar in 1974 and the rst millisecond pulsar in
1982. Ever since, pulsars have been used as precise cosmic clocks, taking us beyond
the weak- eld regime of the solar-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 highligh ted by the discovery of the rst double pulsar system which was
discovered by our team in 2003. The double pulsar is unique in that both neutron stars
are detectable as radio pulsars. This, combined with signican tly higher mean orbital
velocities and accelerations when compared to other binary pulsars, suggestedthat the
system would become the best available testbed for general relativit y and alternativ e
theories of gravity in the strong- eld regime. Indeed, this has been achieved only three
years after its discovery with four independent strong- eld tests of GR, more than has
been obtained for any other system. Use of the theory-indep endent mass ratio of the
two stars makes these tests uniquely dierent from all preceding studies. Our results
conrm the validity of GR at the 0.05% level, which is by far the best precision yet
achieved for the strong- eld regime. Remarkably, the transv erse velocity of the systems
center of mass is extremely small, a result which is important for future GR tests and
evolutionary studies.

1 Introduction

Rarely had the formulation of a single theory changed our view of the Universe so
dramatically as Einstein's theory of general relativity (GR). Immediately after its
publication, sciertists were considering ways of testing GR to experimentally verify
the revolutionary dierent e ects that were predicted as deviations from Newton's
theory of gravity which had ruled supremefor about three hundred years. Already
during World War 1., British sciertists were planning two expeditions to test GR by
observing a predicted bending of light around the Sun during a total solar eclipse
to be obsenedin 1919in Brazil and Africa. The expeditions indeedtook place, and
Sir Arth ur Eddington himself analysed photographic plates taken during the eclipse
that shaovedthe apparert displacemen of stars when they were positioned behind the
Sun. This bending of light near massive bodiescon rmed one of Einstein's predictions
and propelled him to immediate global stardom. Today, 85 years after these historic
obsenations, physicists are still trying to put GR to the test.

To date the theory of generalrelativit y has passedall obsenational tests with
ying colours. Nevertheless,GR may indeed not be the last word in our understand-
ing of gravitational physics,and it isimportant to experimentally confront the theory
with new obsenations to explore di erent aspects and/or achieve higher precision.
While someof the most stringent tests of GR are obtained by satellite experiments
in the solar system, these solar-system experimerts are all made in the weak- eld
gravitational regime. Testsof the strong- eld limit, in particular involving the radia-
tive aspects of GR, needalso to be tested. For instance, it is possibleto construct
theories, which would passall solar-systemtests but would show deviations from GR
in the strong- eld limit (seee.g.[1]). Precisiontestsin the strong- eld regimeare best
achieved by observingradio pulsars.

One of the toughest tests ever has recertly becomepossibleby the discovery of
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two pulsarswhich are found to bein a close,slowly decaying orbit that will eventually
lead to the destruction of theseobjects, predicted to happenin about 85 million years.
This systemis widely known simply asthe doublepulsar.

2 Pulsars

Pulsarsare highly magnetised,rotating neutron stars which emit a narrow radio beam
along the magnetic dipole axis. As the magnetic axis is inclined to the rotation axis,
the pulsar acts like a cosmic light-house emitting a radio pulse that can be detected
onceper rotation period whenthe beamis directed toward Earth. For somevery fast
rotating pulsars, the so-called millisecond pulsars (see Sect. 5), the stability of the
pulse period is similar to that achieved by the best terrestrial atomic clocks. Using
theseastrophysical clocks by accurately measuringthe arrival times of their pulses,a
wide range of experimerts is possible.For most of theseit is not necessarilyimportant
how the radio pulsesare actually created. We will consider some of the basic pulsar
properties below.

Pulsarsare born in supernova explosionsof massiwe stars. Createdin the collapse
of the stars' core, neutron stars are the most compact objects next to black holes.
From timing measuremets of binary pulsars(seeSect.7), we determine the massesf
pulsarsto betypically around 1:35 0:04M [2] although this rangehasbeenexpanded
recertly from 1:2M to 2:1M . Modern calculations for di erent equationsof state
produce results for the size of a neutron star which are quite similar to the very
rst calculations by Oppenheimer& Volkov [3], i.e. a diameter of about 20 km. Suc
sizesare consistert with independert estimates derived from X-ray light-curvesand
luminosities of pulsars (e.g. [4]).

Pulsars emit electromagneticradiation and, in particular, magnetic dipole radia-
tion asthey essetially represert rotating magnets.Assumingthat this is the dominant
processof lossin rotational energy and henceresponsible for the obsened increase
in rotation period, P, described by P, we can equate the corresponding energy out-
put of the dipole to the lossrate in rotational energy We obtain an estimate for the
magnetic eld strength at the pulsar (equatorial) surfacefrom

p—
Bs = 32 10 PR Gauss (1)

with P measuredin s and P-in ss *. Millisecond pulsars (seeSection 5) have lower
eld strengths of the order of 10° to 10'° Gausswhich appear to be a result of their
ewolutionary history. These magnetic elds are consistert with values derived from
X-ray spectra of neutron stars where we obsene cyclotron lines [5].

3 Pulsars asradio sources

The periodic beaconsert by the pulsar clock is usually rather weak, both because
the pulsar is distant and the size of the actual emissionregion is small. Estimates
range down to a few metres, resulting in brightness temperatures of up to 103" K

[6]. Such values require a coherert emission mecanism which, despite almost 40
yearsof intensive researd, is still unidenti ed. However, we seemto have somebasic
understanding, in which the magnetised rotating neutron star induces an electric
qguadrupole eld which is strong enoughto pull out chargesfrom the stellar surface
(the electrical force exceedghe gravitational forceby a factor of  10'2!), surrounding
the pulsar with denseplasma. The magnetic eld forcesthe plasmato co-rotate with

the pulsar like a rigid body. This co-rotating magnetospherecan only extend up to

a distance where the co-rotation velocity reachesthe speed of light. This distance

1strictly speaking, the Alfv en velocity will determine the co-rotational properties of the magne-
tosphere.
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de nes the so-calledlight cylinder which separatesthe magnetic eld lines into two
distinct groups,i.e. open and closed eld lines. Closed eld lines are those which close
within the light cylinder, while open eld lines would closeoutside. The plasma on
the closed eld linesis trapp ed and will co-rotate with the pulsar forever. In cortrast,
plasma on the open eld lines can reach highly relativistic velocities and can leave
the magnetosphere creating the obsened radio beam at a distance of a few tens to
hundreds of km above the pulsar surface(seeFig. 1).
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Figure 1: A pulsar is arotating, highly magnetisedneutron star. A radio beamcertred
on the magnetic axis is created in somedistance to the pulsar. The tilt betweenthe
rotation and magnetic axesmakesthe pulsar in e ect a cosmiclighthouse when the
beam sweepsaround in space.

Most pulsars are not strong enoughto allow us a detection of their individual
radio pulses,sothat in most casesonly an integrated pulse shape can be obsened.
If individual pulsesare obsenable, they re ect the instantaneousplasmaprocessesn
the pulsar magnetosphereat the moment when the beam is directed towards Earth.
The dynamics of these processesesults in often seeminglyrandom individual pulses,
in particular when viewed with high time resolution. Despite this variety displayed by
the single pulses,the mean pulse shape computed by averaginga few hundredsto few
thousands of pulsesis incredibly stable[7]. In contrast to the snapshot provided by
the individual pulses,the averagepulse shape, or pulsepro le, canbe consideredasa
long-exposurepicture, revealingthe global circumstancesin the magnetosphereThese
are mostly determined by geometrical factors and the strong magnetic eld, leading
to very stable pulse pro les. Apart from a distinct evolution with radio frequency the
samepro les are obtained, no matter where and when the pulsesusedto compute
the averagehave beenobsened.
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4 Evolution of Pulsars

As pulsars are powered by their rotational energy their spin-frequencydecreasesvith
time. The slow-down can be described by

_= const. " @)

wherethe exponert, n, is known asthe braking index. For magnetic dipole emissionas
the main energyloss,we expect n = 3. Measuring a secondspin-frequencyderivative,
«, one can obviously determine the braking index via

n= o :_2 (3)
sothat the assumption of dipole braking can be tested. However, this is only possible
for the very youngestpulsars[8], whilst rotational instabilities known astiming noise
can mimic a signi cant but time-varying value of . Thesevaluesthen re ect timing
noiserather than regular spin-down, sothat derived braking indices are meaningless
[9]. In total, only for v e young pulsars could a braking index be determined that
appearsto re ect the long-term spin-down behaviour. With valuesranging from n =
1:4to n = 2:9 (e.g. [10]), the deviations from the expected braking index are not too
sewere.

Integrating Eqn. 2, we can estimate the ageof a pulsar from

P __P_ _
(n DR 2P 2 @)

wherewe have assumeda magneticdipole braking index of n = 3. This quartit y known
as the characteristic ageis a valid estimate for the true age under the assumption
that the initial spin period is much smallerthan the presen period. While it had been
assumedin the past that pulsars are born with periods similar to that estimated for
the Crab pulsar, Po = 19 ms [11], recert estimatessuggesta wide range of initial spin
periods from 14 ms up to 140 ms [12)].
We can describe the ewolution of a pulsar in period, P, and slowv-down, B, in
a logarithmic P-R-diagram as shown in Figure 2 where we plot all of the 1700
known pulsars for which P and R- have beenmeasured.Sincethe estimatesfor both
magnetic eld (Eqgn. 1) and characteristic age (Eqn. 4) depend only P and R, we can
draw lines of constart magnetic eld and constart characteristic age. Accordingly,
young pulsars should be located in the upper left areaof Fig. 2. Pulsars are generally
consideredto be young if their characteristic ageis lessthan 100 kyr. Speci cally,
pulsars with characteristic agesof lessthan 10 kyr appear in the cross-hathed area,
whilst pulsars with agesbetween 10 and 100 kyr are located in the hatched area.
The latter pulsars are often comparedto the Vela pulsar if they match its spin-down
luminosity, i.e. E-> 10% ergs . The spin-down luminosity is simply given by the
lossin rotational energywhich can be measuredfrom the obsened period and period
derivative,
E=42PP %ergs ! (5)

where a neutron star momert of inertia of | = 10* g cm? is assumed.Obviously, E-
represerns the maximum energy output available for spin-powered pulsars acrossthe
whole electromagnetic spectrum. A line of a constart, Vela-like E-= 10°® ergs ! is
shown in Fig. 2 together with a line for E.= 10% ergs *.

When pulsars age,they move into the certral part of the P R-diagram where
they spend most of their lifetime. Consequetly, most known pulsarshave spin periods
between0.1 and 1.0 s with period derivativesof typically P-= 10 ! ss . Selection
e ects are only partly responsible for the limited number of pulsars known with very
long periods, the longestknown period being 8.5 s [13]. The dominant e ect is dueto
the \death" of pulsars when their slow-down has reaced a critical state. This state
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seemdo depend on a combination of P and P-which canbe represenied in the P PR-
diagram as a pulsar death-line. To the right and below this line (see Figure 2) the
electric potential above the polar cap may not be su cien t to produce the particle
plasma that is responsible for the obsened radio emission. While this model can
indeed explain the lack of pulsars beyond the death-line, the truth may be more
complicated asthe position of the 8.5-seulsar deepin the pulsar graveyad indicates.
Nevertheless,it is clear that the normal life of radio pulsarsis limited and that they
die eventually after tensto a hundred million years.The position of a sub-setof about
100 pulsars located in the lower left part of Fig. 2 cannot be explained by the above
picture of normal pulsar life. The ewvolution of these\millisecond pulsars" is di erent.

5 Formation of Millisecond Pulsars

The millisecond pulsars located in lower-left part of the P R diagram are clearly
di erent from the majorit y of pulsars. Firstly , they exhibit much shorter pulseperiods.
The rst discovered millisecond pulsar, PSR B1937+21 [14], has has a period of only
1.56 ms and remained the pulsar with the shortest period known for more than 20
years. Only recertly, a millisecond pulsar, PSR J1748-2446adwas discovered which
has a slightly shoter period of 1.40 ms [15]. Secondly millisecond pulsars also have
very small period derivatives,P-< 10 8 ss !, making them much older (seeEqn. 4)
than normal pulsarswith agesup to  10'° yr. In the standard scenario,which nds
its ultimate con rmation in the discovery of the double pulsar, millisecond pulsars
are recycled from a dead binary pulsar via an X-ray binary accretion phase. The
pulsars' millisecond periods are obtained when massand thereby angular momertum
is transferred from an ewolving binary companion while it over ows its Roche lobe
(e.qg. [16).

Even though most ordinary stars are in binary systems, most pulsars do not
ewlve into a millisecond pulsar. The birth of the pulsar usually disrupts the system,
preverting the accessto a massdonor and explaining why most pulsars are isolated.
In the binary systemsthat survive the supernova explosion,the pulsar will evertually
ceaseto emit radio emission, before the system ewlvesinto a X-ray binary phase
during which massaccretion onto the pulsar occurs. The pulsar spins up and is recy-
cled into a radio millisecond pulsar when P and P have beenaltered such that the
pulsar has crossedthe death-line againin the other direction. The nal spin period of
such a recycledpulsar dependson the massof the binary companion. A more massiwe
companion ewolves faster, limiting the duration of the accretion processand hence
the angular momertum transfer.

The majority of millisecond pulsars will have had a low-massive companion.
These systemsewlve into low-mass X-ray binaries (LMXBs) and will result into a
fast-spinning millisecond pulsar with period of P 1 10mswith a low-masswhite-
dwarf companion. Systemswith a more massive companion ewlve into high-mass
X-ray binaries (HMXBs) which represert the progenitors for double neutron star
systems (DNSs). DNSs are rare since these systemsneedto survive a total of two
supernava explosions.If this happens, the millisecond pulsar is only mildly recycled
with a period of tens of millisecond.

The properties of millisecond pulsars and X-ray binaries are consistert with the
described picture. For instance, it is striking that  80% of all millisecond pulsars
are in a binary orbit while this is true for only lessthan 1% of the non-recycled
population. For millisecond pulsarswith a low-masswhite dwarf companionthe orbit
is nearly circular due to a circularisation of the orbit during the recycling process.
In caseof DNS systems,the orbit is a ected by the unpredictable nature of the kick
imparted onto the newly born neutron star in the asymmetric supernova explosion of
the companion. If the system survives,the result is typically an eccenric orbit with
an orbital period of a few hours.
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Figure 2: The P R{diagram for the known pulsar population. Lines of constarnt
characteristic age,surfacemagnetic eld and spin-down luminosity are shown. Binary
pulsars are marked by a circle. The lower solid line represens the pulsar \death
line" enclosingthe \pulsar graveyard" where pulsars are expectedto switch o radio
emission.The grey areain the top right corner indicates the region where the surface
magnetic eld appearsto exceedthe quantum critical eld of 4:4 10'3 Gauss.For
such values, sometheories expect the quending of radio emissionin order to explain
the radio-quiet \magnetars" (i.e. Soft-gammaray repeaters, SGRs, and Anomalous
X-ray pulsars, AXPs). The upper solid line is the \spin-up" line which is derived for
the recycling processas the period limit for millisecond pulsars.
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6 Pulsar Timing

The clock-lik e stability of pulsars meansthat through precise monitoring of pulsar
rotations we can study a rich variety of phenomenathat aect the propagation of
their pulses. While the basic spin and astrometric parameters can be derived for
essetially all pulsars, millisecond pulsars are the most useful objects for more exotic
applications. Their pulse arrival times can be measuredmuch more preciselythan for
normal pulsars (scaling essetially with the pulse period) and their rotation is also
much smoother, making them intrinsically better clocks. Speci cally, they usually
do not exhibit rotational instabilities such as ‘timing noise' and “glitches' known for
normal pulsars.

The key quantity of interest is the time of arrival (TOA) of pulsesat the tele-
scope. However, sinceindividual pulsesare usually too weakto be detected, and since
they alsoshaw ajitter in arrival time within a window given by the extend of the pulse
pro le, it is the latter which is usedfor timing. The stability of pulse pro les allows
us to comparethe obsened pro le with a high signal-to-noiseratio template that is
constructed from previous obsenations. The time-o set betweentemplate and pro le
determinesthe TOA. Becausewe usepulse pro les rather than individual pulses,the
TOA is de ned usually as the arrival time of the nearest pulse to the mid-point of
the obsenation. As the pulseshave a certain width, the TOA refersto some ducial
point on the pro le. Ideally, this point coincideswith the plane de ned by the rotation
and magnetic axesof the pulsar and the line of sight to the obsener which is de ned
geometrically and independert of observing frequency or propagation e ects.

The aim of pulsar timing is to count the number of neutron star rotations be-
tweentwo obsenations. Each TOA can therefore be assignedwith a pulse number N
which dependson rotation frequency and TOA t as

N=Not ot to)+ 5 (t t)+ go(t o)+ ©

where Ng is the pulse number at the referenceepoch ty. If tg coincides with the
arrival of a pulse and the pulsar spin-down (i.e. and ) is known accurately, the
pulses should appear at integer values of N when obsened in an inertial reference
frame. However, our observing frame is not inertial: we are using telescopesthat are
located on a rotating Earth orbiting the Sun. Before analysing TO As measuredwith

the obsenatory clock (topocertric arrival times), we needto transfer them to the

certre of massof the Solar System (solar system barycentre, SSB). To a very good

approximation, the SSBis an inertial referenceframe.

The time transformation also corrects for any relativistic time delay that oc-
curs due to the presenceof massesin the Solar System. An additional advantage of
analysing these barycertric arrival times is that they can easily be combined with
other TOAs measuredat di erent obsenatories at di erent times.

Givenaminimal setof starting parameters,a leastsquarest is neededto match
the measuredarrival times to pulse numbers accordingto Equation (6). We minimise
the expression « ,

2 _ N(t) ni
| i )
where n; is the nearestintegerto N (tj) and ; is the TOA uncertainty in units of
pulse period (turns).

The aim is to obtain a phase-cohereh solution that accourts for every single
rotation of the pulsar betweentwo obsenations. One starts o with a small set of
TOAs that were obtained su cien tly closein time sothat the accunulated uncertain-
ties in the starting parameters do not exceedone pulse period. Gradually, the data
set is expanded, maintaining coherencein phase.When successful,post-t residuals
expressedn pulse phaseshow a Gaussiandistribution around zerowith a root mean
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Figure 3: (a) Timing residualsfor the 1.19spulsar B1133+16.A t of a perfecttiming
model should result in randomly distributed residuals.(b) A parabolic increasein the
residuals is obtained if P- is underestimated, here by 4 per cert. (c) An oset in
position (in this casea declination error of 1 arcmin) producessinusoidal residuals
with a period of 1 yr. (d) The e ect of neglecting the pulsar's proper motion, in this
case 1 = 380masyr 1. In all plots we have set the referenceepoch for period and
position to the rst TOA at MJD 48000to show the developmert of the amplitude
of the various e ects. Note the di erent scaleson ead of the vertical axes.

squarethat is comparableto the TOA uncertainties (seeFig. 3). A good test for the
quality of the TOAs and their t is provided by creating a new set of meanresiduals,
ead formed by averaging nayg consecutive post-t residuals. The root mean square
calculated from the new set should decreasewith P Mavg if NO Systematicsare presert.

After starting with ts for only period and pulsereferencephaseover somehours
and days, longer time spansslowly require ts for parameters like spin frequency
derivative(s) and position. Incorrect or incomplete timing models cause systematic
structures in the post-t residualsidentifying the parameterthat needsto be included
or adjusted (seeFigure 3). The precision of the parametersimproveswith length of
the data spanand the frequency of obsenation, but alsowith orbital coveragein the
caseof binary pulsars.

7 Binary Pulsars

Obsenations of pulsars in binary orbits shon a periodic variation in pulse arrival
time. The timing model therefore needsto incorporate the additional motion of the
pulsar asit orbits the commoncertre of massof the binary system.For non-relativistic
binary systems,the orbit can be described using Kepler's laws. For a number of binary
systemshowever, the Keplerian description of the orbit is not su cien t and relativistic
corrections needto be applied.

Kepler's laws can be usedto describe a binary systemin terms of the v e Keple-
rian parameters,shovn schematically in Figure 4. These v e parametersare required
to refer the TOAs to the binary barycentre: (a) orbital period, Py; (b) projected
semi-mgor orbital axis, a, sini (seebelow); (c) orbital eccerricity, e; (d) longitude
of periastron, ! ; (e) the epoch of periastron passage,Ty.
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Figure 4: De nition of the orbital elemers in a Keplerian orbit and the anglesrelating
both the orbit and the pulsar to the obsener's coordinate system and line of sight.
(a) is drawn in the plane of the orbit; (b) shows the orbit inclined to the plane of the
sky. The closestapproac of the pulsar to the certre of massof the binary system
marks periastron, given by the longitude ! and a chosenepoch Ty of its passage.
The distance between cerire of massand periastron is given by a,(1  €) where a,
is the semi-mgor axis of the orbital ellipse and e its eccertricit y. (b) Usually, only
the projection on the plane of the sky, a, sini, is measurable,wherei is the orbital
inclination de ned as the angle betweenthe orbital plane and the plane of the sky.
The true anomaly, Ay, and eccentric anomaly, E, are related to the mean anomaly by
Kepler's law. The orbital phaseof the pulsar is measuredrelative to the ascending
node. (c) The spatial orientation of the pulsar's spin-vector, Sy, is given by the angles

and in the coordinate system shown as de ned by Damour and Taylor (1992).
The angle asc givesthe longitude of ascendingnode in the plane of the sky.
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For pulsarsin closebinary systemsabout white dwarfs, other neutron stars, or
perhaps eventually black holes, relativistic e ects due to strong gravitational elds
and high orbital velocities produce obsenable signaturesin the timing residuals.Even
though GR appearsto be the best description of the strong- eld regimeto date [17],
alternativ e theories of gravity neverthelessshould be consideredand tested againstit.
A straightforward meansof comparisonis to parameterisethe timing model in terms
of the so-called "post-Keplerian' (PK) parameters. For point masseswith negligible
spin contributions, the PK parametersin ead theory should only be functions of the
a priori unknown pulsar and companion mass,M, and M¢, and the easily measur-
able Keplerian parameters[18]. With the two massesasthe only free parameters,an
obsenation of two PK parameterswill already determine the massesuniquely in the
framework of the given theory. The measuremen of a third or more PK parameters
then provides a consistencyched for the assumedtheory.

The PK parameters are measuredas additional parametersin a theory inde-
penden timing model which describesthe pulse arrival times in a phenomenological
way, using the Keplerian and PK parameters. The best timing model for describing
relativistic binary pulsars is the Damour-Deruelle (DD) timing model [19, 20]. Ap-
plying this model to TOA measuremets, the PK parameters are determined. They
take di erent formsin di erent theories of gravity. In generalrelativit y, the v e most
important PK parametersare given by (e.g. [18)]):

5=3

_ P, 1 -
| = 2=3 b + 2=3.
3 3T 5 T (Mp+ M), @8)
_ gz Po T Me(Mp+ 2Mo) ©)
2 T (Mp+ M)*=3
T i 8 1+ Be?+ et MeMe . 0
T 5 2 1 &2 (Mp+ M=’
r = T M (11)
2=3 2=3
_ 1=3 Po (Mp + Mo)™™
s = T 5 X M- ; 12)

where the massesM, and M. of pulsar and companion, respectively, are expressed
in solar massegM ). We de ne the constart T = GM =c = 4:925490947 swhere
G denotes the Newtonian constart of gravity and c the speed of light. The rst
PK parameter, |, is the easiestto measureand describesthe relativistic advance of
periastron. It provides an immediate measuremen of the total massof the system,
(Mp + M¢). The parameter denotesthe amplitude of delays in arrival times caused
by the varying e ects of the gravitational redshift and time dilation (secondorder
Doppler) as the pulsar moves in its elliptical orbit at varying distances from the
companionand with varying speeds.The deca of the orbit due to gravitational wave
damping is expressedby the changein orbital period, Py. The other two parameters,
r and s, are related to the Shapiro delay causedby the gravitational eld of the
companion. These parametersare only measurable,depending on timing precision, if
the orbit is seennearly edge-on.

The PK parameterslisted above are those which have beenmeasuredin binary
systemsto date. However, the list can be extended (see[18)) if the binary systemis
extreme enough.We expect the double pulsar to be such a systemwhere never before
measuredPK parameterswill be neededto describe the obsenations adequately (see
Section 10).
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8 The double pulsar { a magni cent laboratory

Our team discoveredthe 22.8-mspulsar J0737 3039in April 2003[2]] in an extension
to the hugely successfulParkes Multi-b eam survey [22]. It was soon found to be a
member of the most extreme relativistic binary system ever discovered: its short
orbital period (P, = 2:4 hrs) is combined with a remarkably high value of periastron
advance (!I_= 16:9degyr 1, i.e. four times larger than for the Hulse-Taylor pulsar
PSR B1913+16). This large precessionof the orbit was measurableafter only a few
days of obsenations. The system parameters predict that the two members of the
binary systemwill coalesceon a short time scaleof only 85 Myr. This boosts the
hopesfor detecting a merger of two neutron stars with rst-generation ground-based
gravitational wave detectors by a factor of 5 to 10 comparedto previous estimates
basedon only the double neutron stars B1534+12 and B1913+16 [21, 23].

In October 2003,we detectedradio pulsesfrom the secondneutron star [24]. The
reasonwhy signalsfrom the 2.8-spulsar companion (now called PSR J0737 3039B,
hereafter \B") to the millisecond pulsar (now called PSR J0737 3039A, hereafter
\A") had not beenfound earlier, becameclear when it wasrealized 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 detectablewith the most sensitive equipment. The detection
of a young companionB around an old millisecond pulsar A and their position in the
P R-diagram (seeFigure 2) con rms the ewlution scenarioproposedfor recycled
pulsars (seeSection5) and providesa truly unique testbed for relativistic gravity and
also plasma physics.

8.1 A laboratory for plasmaphysics

The double pulsar is not only a superb test-bed for relativistic gravity, but it also
provides an unprecedenied opportunity to probe the workings of pulsars. The pulse
emissionfrom B is strongly modulated with orbital phase, most probably as a con-
sequenceof the penetration of the A's wind into B's magnetosphere Figure 5 shows
the pulse intensity for B as a function of pulse phaseand orbital longitude for three
radio frequencies.The rst burst of strong emission, certred near orbital longitude

210deg, covers about 13 min of the orbit, while the secondburst, certred near lon-

gitude 280 deg, is shorter and last only for about 8 min. This pattern is stable over
successie orbits and obviously frequency independent over the range probed. Deep
integrations reveal other orbital phases,where B is visible but much weaker than

during the two main burst periods. The gure alsoshowsthat not only doesthe pulse
intensity changewith orbital phase,but that the pulse shape changesaswell. At the

start of the rst burst the pulse has a strong trailing componert and a weaker lead-
ing componernt which dies out in the later phasesof the burst. In the secondburst,

there are two componerts of more equal amplitude. This is the rst time that prole

changesare obsened that clearly depend on orbital phase.Decading this pattern as
the orbit precesseslue to relativistic e ects and the systemis viewed from di erent

directions, o ers a unique chanceto probe the magnetosphere.lndeed, as discussed
later, the \ligh t-curve" of B is changing with time, probably due to the e ects of
gedadetic precession.

It is important to note that by simply seeingB functioning as a radio pulsar,
albeit with orbital phasesof rather weak emission,con rms our ideas about the lo-
cation of the origin of radio emission: The fact that B is still emitting, despite the
loss of most of its magnetospheredue to A's wind, indicates that the fundamertal
processegproducing radio emissionare likely to occur closeto the neutron star sur-
face{ in accordancewith emissionheights determined for normal radio pulsars (see
Section 3).

The quending or attenuation of B's radio emissionfor most of its orbit is only
part of the interaction betweenA and B that is obsened. For about 27 secondsof the
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Figure 5: Grey-scaleimagesshowing the pulse of PSR J0737{3039B as a function of
orbital phaseat three observing frequencies(Lyne et al. 2004).

orbit, A's emissionis eclipsedwhen A is lined up behind B at superior conjunction
(Fig. 6). At that momen, the pulsesof A passin about 30,000km distance to the
surface of B. It appears that the magnetospherictransmission for A's emission is
modulated during the rotation of B, depending on the relativ e orientation of the spin-
axis of B to A and our line-of-sight. Indeed, a modulation of the light-curve inside
the eclipseregion consistert with B's (full and half) rotation period is obsened [25]
(Fig. 7).

Perhaps even more exciting is the discovered evidencethat A's radiation has
somedirect impact on the radiation pattern of B. Figure 8 shows a blow-up of B's
emission at orbital phaseswhere B is strongest. At the right orientation angles, a
drifting sub-pulsepattern emergesthat coincideswith the arrival times of A's pulses
at B [26]. This is the rst time pulsar emissionis obsened to be triggered by some
external force, and it is likely that this will help usto understand the conditions and
on-set of pulsar emissionin general.

8.2 A laboratory for strong- eld gravity

Since neutron stars are very compact massiwe objects, the double pulsar (and other
double neutron star systems) can be considered as almost ideal point sourcesfor
testing theories of gravity in the strong-gravitational- eld limit. Timing obsenations
of PSR J0737 3039A/B have beenundertaken using the 64-m Parkesradio telescope
in New South Wales, the 76-m Lovell radio telescope at Jodrell Bank Obsenatory,
UK, and the 100-m Green Bank Telesco in West Virginia, between2003April and
2006 January. A total of 131,416 pulse times-of-arrival (TO As) were measured for
A while 507 TOAs were obtained for B using synthetic noise-freepro le templates
which are di erent for di erent frequencybandsand, for B, functions of orbital phase
and time. Pulsar and binary system parameters derived from these TOAs are listed
in Table 1 at the end of this paper. Becauseof its narrower and more stable pulse
prole, TOAs from A have a much higher precision than those from B and hence
are usedto determine the position, proper motion and main orbital parameters of
the system. For B, the only tted parameterswere the pulse phase,the pulsar spin
frequency 1=P, its rst time-derivative _ and the projected semi-mgor axis,
xg (ag=0sini.

Previous obsenations of PSR J0737 3039A/B[21, 24] resulted in the measure-
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Figure 6: The pulsed ux density of A versustime (with respect to superior con-
junction) and orbital phasefor (top three panels) the three eclipsesin the 820-MHz
obsenation and (bottom panel) all three eclipsessummed(McLaughlin et al. 2004b).
In the individual eclipselight curves,every 12 pulseshave beenaveragedfor an e ec-
tive time resolution of  0.27 s. Every 100 pulseshave been averagedto create the
lower, composite light curve for an e ectiv e time resolution of 2.3 s. Pulsed ux
densitieshave beennormalized such that the pre-eclipseaverage ux density is unity.

ment of R and four PK parameters:the rate of periastron advance!_, the gravitational
redshift and time dilation parameter , and the Shapiro-delay parametersr and s.
For the latest timing results [17] the measuremehn precision for these parametershas
increased dramatically. Also, we have now measuredthe orbital decay, Py, giving
a total of v e PK parameters for the system. Together with the massratio R, the
measuremets provide four independert tests of GR, more than for any other known
system. The value of R,, measuredat the 1.4% level after only 2.5 years of timing,
corresponds to a shrinkage of the orbit at a rate of 7mm per day. One can display
thesetests elegarly in a \mass-mass" diagram as showvn in Figure 9. Measuremert
of the PK parameters gives curves on this diagram that are in generaldi erent for
di erent theoriesof gravity but which should intersectin a single point, i.e., at a pair
of massvalues,if the theory is valid[18].

In addition to tests enabled by the PK parameters, the accessto the orbit of
both neutron stars { by timing A and B { provides yet another constraint on grav-
itational theories that is qualitativ ely dierent from what has been possible with
previously known double neutron stars: using Kepler's third law, the measuremem of



76 M. Kramer Seminaire Poincare

magnetosheath

magnetopause

>

to Earth

polar cusp

radio beam of B

bow shock

Figure 7: Cartoon (not to scale)showing the interaction betweenthe relativistic wind
of A and the magnetosphereof B when the radio beam of B is pointing towards the
Earth (from McLaughlin et al. 2004b).
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is overlayed with dots marking the arrival of pulsesof A at the certre of B, coinciding
with the obsened drift pattern in B. (McLaughlin et al. 2004a)
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the projected semi-mgor axesof both orbits yields the massratio,
R(MA;MB) MA:'\AB:XB:XA: (13)

For every realistic theory of gravity, we can expect R to follow this simple relation [18],
at leastto 1PN order. Most importantly, the R value is not only theory-independert,
but also independert of strong- eld (self- eld) e ects which is not the casefor the
PK parameters. In other words, any combination of massesderived from the PK
parametersmust be consistert with the massratio. The ability to measurethis quan-
tit y providestherefore an important and unique constraint. With v e PK parameters
already available, this additional constraint also makesthe double pulsar the most
overdetermined systemto date where the most relativistic e ects can be studied in
the strong- eld limit.

Figure 9 shaws that all measuredconstraints are consistert with GR. The most
preciselymeasuredPK parameter currently available is the precessiorof the longitude
of periastron, ! . We can combine this with the theory-independent massratio R to
derive the massesgiven by the intersection region of their curves:my = 1:3381
0:0007M and mg = 1:2489 0:0007M . Assuming GR and using thesemassesand
the Keplerian parameters, we can predict values for the remaining PK parameters.
Table 2 at the end of this paper lists results for the four independert tests that are
currently available. The Shapiro delay (Figure 10) givesthe most precisetest, 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 basedon the obsened orbit deca in
the PSR B1913+16 system with a 30-year data span[3Q. As for the PSR B1534+12
system[3], the PSR J0737 3039A/B Shapiro-delay test is complemenary to that of
B1913+16 sinceit is not basedon predictions relating to emission of gravitational
radiation from the system[33. Most importantly, the four tests of GR preseried here
are qualitativ ely di erent from all previous tests becausethey include one constraint
(R) that is independert of the assumedtheory of gravity at the 1PN order. As a
result, for any theory of gravity, the intersection point is expectedto lie on the mass
ratio line in Figure 9. GR alsopassedghis additional constraint with the best precision
sofar.

8.2.1 A modi cation of the DD timing model

In order to study such possible e ects and the performance of the standard timing
software TEMPO 2 and its implemertation of the DD timing model, we have made
detailed simulations. Producing fake TOAs for a J0737 3039-like system, we varied
the input parameteras0:9 s 1.0 and the assumedtiming precision. For small
TOA uncertainties, we can always recover the original s value by tting the DD-model
using TEMPO. However, comparingthe standard TEMPO error estimatesfor s and r
with estimatesobtained from studying a corresponding 2 plane, the symmetric error
bars given by TEMPO do not always correspond to the true uncertainties re ected
by non-symmetric 2-cortours if the TOA uncertainty is too large. This potential
problem due to the non-linearity of the tted parameters and correlations of the
Shapiro delay parameters with the Remer delay in the orbit is well known. Hence,
one usually exploresan 2-plane evenly sampledin = 1 s2 and r to obtain reliable
valuesand error estimates(seee.g.[34]). Increasingthe TOA uncertainties, numerical
ts to the fake TOAs assuminga sini very closeto unity (e.g. sini = 0:99999 or
i = 89:2) sometimesresults in ts with s > 1 due to numerical uncertainties. In
order to remedy this situation we developed a modi cation of the DD timing model
following a suggestionby Thibault Damour (priv. communication).

In the DD model, we t for r and s which in GR becomess = sini wherer is
identical with the companion massapart from a constart factor, T (seeEgns. 11

2http://pulsar.princeton .ed u/te mpd
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Figure 9: "Mass{mass'diagram showing the obsenational constraints on the masses
of the neutron stars in the double pulsar system J0737{3039 (Kramer et al. 2006).
The shadedregions are those that are excluded by the Keplerian massfunctions of
the two pulsars. Further constraints are shavn as pairs of lines enclosing permitted
regionsasgivenby the obsenedmassratio and PK parametersaspredicted by general

relativit y. Inset is an enlargedview of the small squareencompassinghe intersection
of these constraints (seetext).

and 12). In the new model, called DDS (for DD-Shapiro, see[35]), we write
s=1 e?* (14)
where zs replacess asour new t parameter. It follows that

zs= In(1 s): (15)

The advantage becomesapparert when we comparethis expressionto the Shapiro de-
lay term, s in the timing formula, in particular whencomparingit to low-eccenricit y
pulsars for which (e.g. [36])

s= 2rin(1 ssin) (16)

where is the orbital phase measuredfrom the ascendingnode. At = =2, the
maximum delay is obtained

= 2rin(l ) 17)
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Figure 10: The e ect of the Shapiro delay causedby the gravitational potential of
B seenin the timing residuals of A. (a) Obsened timing residuals after a t of all
model parametersgivenin Table 1 exeptthe Shapiro-delay terms r and s which were
setto zero. (b) Residualsillustrating the full Shapiro delay, obtained by holding all
parametersto their values given in Table 1, except the Shapiro delay terms which
were set to zero. The line shows the predicted delay at the certre of the data span.
In both casesresidualswere averagedin 1 bins of longitude (Kramer et al. 2006).

which has obvious similarities to our de nition of zg,
I = 2r zg (18)

or
zs= ¥ =2r: (19)

Due to the nature of this simple transformation, a t of the TOAs to the DD and DDS
models always producesthe sameresults. In addition, however, at large inclination
angles the uncertainties on zs derived by TEMPO are still consistert with those
obtained from studies of corresponding 2 hyperspheres,often removing the need
for the often computationally expensive calculation of the 2 plane. Using the DDS
model, it is in particular impossiblethat numerical uncertainties lead to t results
which in GR correspond to valuessini > 1:0. We are aware that the DDS model
therefore represerts a restriction of the parameter spacewhich may be allowed by
alternativ e theories of gravity.

The application of the DD and DDS model to the real TOAs produces con-
sistert results and veri es the previous ndings that s is signi cantly lower than
the scirtillation results which are consistert with our measuremen only at the 3-
level. Scirtillation obsenations over the whole orbit have also beenusedto deduce
the system transversevelocity. Ransom et al.[37] derive a value of 141 85km s !
while Coleset al.[33] obtain 66 15km s ! after consideringthe e ect of anisotropy
in the scattering screen.Both of these values are in stark contrast to the value of
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10 1km s ! (relative to the solar system barycertre) obtained from pulsar tim-
ing (Table 1). We note that the scintillation-based velocity dependson a number of
assumptionsabout the properties of the e ectiv e scattering screen.In contrast, the
proper motion measuremen has a clear and unambiguoustiming signature, although
the transversevelocity itself scaleswith the pulsar distance. Even allowing that un-
modeled e ects of Earth motion could a ect the published scirtillation velocities by
about 30 km s 1, the dispersion-baseddistance would needto be underestimated by
a factor of seweral to make the velocities consistert. We believe this is very unlikely,
particularly as the tentativ e detection of a parallax givesus somecon dence in the
dispersion-baseddistance estimate. Hence,our timing results for both inclination an-
gle and transversevelocity are lesssusceptibleto systematic errors and are therefore
more securethan those basedon scirtillation.

We have studied other e ects possiblea ecting the timing results such asa pos-
sible variation of the dispersion measureas a function of orbital phase.However, the
non-detection of any suc e ect leadsus to the conclusionthat in contrast unmod-
eled e ects may have altered the scintillation results and the derived uncertainties on
the inclination angle. An exciting explanation for the discrepancy may be that the
emissionof A su ers measurablerefraction while propagating through the magneto-
sphere of B. If that were indeed the case,we would have a direct handle onto the
magneto-ionic properties of B's magnetospherefor the rst time, e.g. corresponding
plasmadensitiesin B's magnetospherewould needto be relatively large.
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Figure 11: The emission of B at 1390 MHz as a function of the orbital longitude
(vertical axis) and for the pulse phaserange 0.18{0.27 (horizontal axis) asin Figure 5.
Each panel was obtained by adding all the data in the 3 months period indicated
at the top of eat panel. The dashedlines represen the position of the periastron at
the given epoch. A changein the visibility pattern of B is clearly visible and most
likely causedby geadetic precession(Burgay et al. 2005).

The short eclipsesin A's emission already indicate that we are observing the
system almost completely edge-on.This is con rmed independerily by measuringa
Shapiro delay and inferring (in GR) that the inclination anglei is indeed closeto 90 .
Other methods using the variation of the pulsars's intensity due the turbulent inter-
stellar medium are available for an independert measuremen of the orbital orienta-
tion. Basedon sudh scirtillation obsenations of both pulsarsover the short time inter-
val when A is closeto superior conjunction, Coleset al.[33] derived a value the orbital
inclination anglei that is very closeto 90 , i.e. they deriveji 90j=0:29 0 :14.
In GR, the parameter s can beidentied with sini wherei is the inclination angle of
the orbit. The value of s derived from our timing obsenations (Table 1) corresponds
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to i = 88 :69'% :52. Comparing the two methods, one notes that the scirtillation re-
sults are basedon correlating the scirtillation properties of A and B over the short
time-span of the orbital motion when they are in conjunction to the obsener. In
cortrast, the measuremehn of the inclination anglefrom timing measuremets results
from detecting signi cant harmonic structure in the post-t residuals after parts of
the Shapiro delay are absorbed in the t for the Remer delay, i.e. the light travel
time acrossthe orbit. As shown in Figure 10, thesestructures are presert throughout
the whole orbit, so that the results from timing measuremets may be expected to
be more reliable. However, asall TOAs are assaiated with uncertainties, we needto
make sure that a multi-parameter least-squaret of the DD model will reproducethe
correct value of the PK parameterss and r despite possiblenumerical e ects.

T T T T
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Figure 12: Pulse shapesof B in the two bright phases(seeprevious gure) asafunction
of time, again in in three month intervals. Again, a systematic changein the pulse
pro le is clearly visible. (Burgay et al. 2005).

8.2.2 E ects of geadetic precession

The measuremen of the times-of-arrival (TO As) are obtained with a standard \tem-

plate matching" procedure that involves a cross-correlation of the obsened pulse
pro le with high signal-to-noiseratio template (e.g. [38]). Any changein the pulse
pro le could lead to systematic variations in the measuredTOAs. We performed de-
tailed studies of the proles of A and B to investigate any possible prole changes
with time as sud as expected from another e ect predicted by GR.

In GR, the proper referenceframe of a freely falling object su ers a precession
with respect to a distant obsener, called gealetic precession.In a binary pulsar
system this geadetic precessionleadsto a relativistic spin-orbit coupling, analogous
to spin-orbit coupling in atomic physics [39]. As a consequencepoth pulsar spins
precessabout the total angular momertum, changing the relative orientation of the
pulsarsto oneanother and toward Earth. Sincethe orbital angular momertum is much
larger than the pulsars' angular momerta, the total angular momertum is e ectiv ely
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Figure 13: Pulse proles of A obsened at three di erent epochs. Subtracting one
pro le from the others doesnot reveal any signi cant changesasdemonstratedin the
two bottom plots. Figure provided by Rob Ferdman & Ingrid Stairs.

represerted by the orbital angular momertum. The precessionrate [40] depends on
the period and the eccettricit y of the orbit as well asthe massesof A and B. With
the orbital parameters of the double pulsar, GR predicts precessionperiods of only
75yr for A and 71 yr for B.

Geadetic precessionhas a direct e ect on the timing as it causesthe polar
anglesof the spinsand hencethe e ects of aberration to changewith time [18]. These
changesmodify the observe orbital parameters, like projected semi-mgor axis and
ecceittricit y, which di er from the intrinsic valuesby an aberration dependert term,
potentially allowing us to infer the systemgeometry (seeSection 10). Extracting the
signature of these e ects in the timing data is a goal for the yearsto come. Other
consequencesf geadetic precessioncan be expectedto be detected much sconer and
are directly relevant for the timing of A and B. These arise from variations in the
pulse shape due to changing cuts through the emissionbeam as the pulsar spin axes
precessMoreover, geadetic precessioralsoleadsto a changein the relative alignment
of the pulsar magnetospheressothat the visibilit y pattern and eventhe prole of B
should vary due to these changesas well.

Indeed, studies of the pro le ewlution of B [4]1] reveal a clear evolution of B's
emissionon orbital and seculartime-scales.The light-curvesof B (i.e. the visibilit y
of B versusorbital phase)undergo clear changes(Figure 11) while the prole of B as
obsened in the bright orbital phasesis clearly changing with time also (Figure 12).
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Thesephenomenaare probably causedby a changing magnetosphericinteraction due
to geometry variations resulting from geadetic precession.n any case,these changes
require sophisticated timing analysis techniques.

For the timing of B, becauseof the orbital and seculardependenceof its pulse
pro le, dierent templateswereusedfor di erent orbital phasesand di erent epochs.
A matrix of B templates wasconstructed, dividing the data setinto 3-month intervals
in epoch and 5-minute intervals in orbital phase.The results for the 29 orbital phase
bins were studied, and it was noticed that, while the pro le changesdramatically and
quickly during the two prominent bright phases;the pro le shape is simpler and more
stable at orbital phaseswhenthe pulsar is weak. In the nal timing analysisfor pulsar
B, we therefore omitted data from the two very bright orbital phases.We also used
an unweighted t to avoid biasing the t toward remaining brighter orbital phases.

Sincethe overall precision of our tests of GR is currently limited by our ability
to measurexg and hencethe massratio R Mma=mg = Xg=Xa, We adopted the
following strategy to obtain the best possibleaccuracy for this parameter. We used
the whole TOA data setfor B in order to measureB's spin parametersP and P, given
in Table 1 of the main paper. These parameters were then kept xed for a separate
analysis of two concerrated 5-day observing sessionsOn the timescale of the long-
term pro le ewlution of B, ead 5-day sessionrepreserts a single-epch experiment
and hencerequiresonly two setsof pro le templates. The value of xg obtained from
a t of this parameter only to the two 5-day sessionss preserted in Table 1 of the
main paper.

The study of the prole ewlution of A [42, 17] did not lead to the detection
of any prole change (seeFigure 13). This present non-detection greatly simpli es
the timing of A but does not exclude the possibility that changesmay happen in
the future. While the e ects of geadetic precessioncould be small due to a near
alignment of pulsar A's spin and the orbital momerntum vector, the results could also
be explained by observing the system at a particular precessionphase. While this
caseappearsto be relatively unlikely, it must not be excludedas such a situation had
indeed occurred for PSR B1913+16 [43]. Indeed, a modelling of the results suggests
that this present non-detection of prole changesis consistet with a rather wide
range of possible system geometries.One conclusion that can be drawn is that the
obsenations are inconsistert with the large pro le changesthat had been predicted
by somemaodels [44]. Fortunately, independert information is available that suggests
that the alignment angle, and hencethe impact of geadetic precession,may indeed
be very small. This information is derived from a study of the ewolution of the system
basedon the rather small transversevelocity of the double pulsar.

8.3 Space-motionand ewolution of the double pulsar

The timing results indicate that the spacevelocity of the double pulsar system is
surprisingly small. Based on the measureddispersion measureand a model for the
Galactic electron distribution[29], PSR J0737 3039A/B is estimated to be about 500
pc from the Earth. From the timing data we have measureda marginally signi cant
value for the annual parallax, 3 2 mas, corresponding to a distance of 200 1000pc
(Table 1), which is consistert with the dispersion-baseddistance that was also used
for studiesof detection ratesin gravitational wave detectors[21]. The obsened proper
motion of the system (Table 1) then implies a transverse spacevelocity of only 10
km s ! with a velocity vector parallel to the Galactic plane. With this information,
Stairs et al. (2006)[45) examinedthe history and formation of this system,determining
estimates of the pre-supernova companion mass, orbital separation, supernova kick
and misalignmen angle betweenthe pre- and post-supernaova orbital planes. One of
the surprising results is that the progenitor to the recertly formed B was probably
lessthan 2M , lending credenceto suggestiongthat this object may not have formed
in a normal core-collapsesupernova. They concludethat it therefore must be possible,
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in at least some cases,for low-masshelium stars to undergo Supernova explosions,
and that there must be a range of progenitor typesthat can produce double neutron
star systems.The relative frequency of the di erent typesmust depend on the initial

massfunction and rangesof binary orbits. This will have implications for the number
of double neutron systemsin the Galaxy, the retention of neutron stars in globular
clusters and for the apparent dearth of isolated mildly recycled pulsars ejected from
unbinding secondSN explosions.

The study of the double pulsar ewvolution [45] also suggeststhat the kick velocity
was rather small and that the misalignmert angle betweenthe spin of pulsar A and
the total angular momentum vector (after the secondsupernova explosion)is probably
much lessthan 10 . In this case,the expectedimpact of geadetic precessionon pulsar
A's prole is rather small, consistert with the present obsenational evidence.This
makesus con dent that high-precisiontiming obsenations of A will continue for quite
a while (in contrast to, for instance, the Hulse-Taylor pulsar which may disappear as
aradio sourceat about 2025[43]). At the sametime, the small velocity of the double
pulsar system s also extremely good newsfor tests of alternativ e theories of gravity
where the measuremen of the orbital decay is extremely useful.

9 Orbital decay measuremen & Alternativ e theories of gravity

Becausethe measureduncertainty in P, decreasesapproximately as T 2, where T
is the data span, we expect to improve our test of the radiativ e aspect of the system
to the 0.1% level or better in about v e years'time. For the PSR B1913+16 and
PSR B1534+12 systems,the precisionof the GR test basedon the orbit-decay rate is
sewrely limited both by the uncertainty in the di erential accelerationof the Sunand
the binary systemin the Galactic gravitational potential and the uncertainty in pulsar
distance[46 31]. For PSR J0737 3039A/B, both of these corrections are very much
smallerthan for theseother systems.Basedon the measureddispersionmeasureand a
model for the Galactic electron distribution[29], PSR J0737 3039A/B is estimated to
be about 500pc from the Earth. From the timing data we have measureda marginally
signi cant value for the annual parallax, 3 2 mas,correspondingto a distanceof 200
1000pc (Table 1), which is consistent with the dispersion-basedlistancethat wasalso
usedfor studies of detection rates in gravitational wave detectors[21]. The obsened
proper motion of the system (Table 1) and di erential accelerationin the Galactic
potential [47] then imply a kinematic correction to Py at the 0.02% level or less.
Independen distanceestimatesalsocanbe expectedfrom measuremets of the annual
parallax by Very Long Baselinelnterferometry (VLBI) obsenations, allowing a secure
compensation for this already small e ect. A measuremen of P, at the 0.02%level
or better will provide stringent tests for alternativ e theories of gravity as many are,
for instance, predicting a signi cant amount of gravitational dipole radiation. Hence,
a con rmation that the obsenations of the double pulsar are consistert with emission
of gravitational quadruple radiation to a very high level ofprecisionn promisesto put
limits on some scalar-tensortheories that will surpasseven the best current Solar-
systemtests [4§].

10 Future tests

In estimating the future improvemerts in the uncertainty of xg, and henceR and our
current precision for GR tests, we needto considerthat geadetic precessionwill lead
to changesto the systemgeometry and henceto the aberration of the rotating pulsar
beam.The e ects of aberration on pulsar timing are usually not separatelymeasurable
but are absorbed into a rede nition of the Keplerian parameters. As a result, the
obsened projected sizesof the semi-mgor axes,xgb;SB, di er from the intrinsic sizes,

XE&‘;IB by afactor (1+ ﬁ;B) which dependson the orbital period, the pulseperiod and on
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the systemgeometry[18. While aberration should eventually becomedetectablein the
timing, allowing the determination of a further PK parameter, at preseri it leadsto an
undetermined deviation of x°PS from x™"t, wherethe latter is the relevant quartit 'y for
the massratio. The parameter ﬁ;B scaleswith pulseperiod and is therefore expected
to be two orders of magnitude smaller for A than for B. Howewer, becauseof the
high precision of the A timing parameters, the derived value x$° may already be
signi cantly aected by aberration. This has (as yet) no consequencegor the mass
ratio R = x%S=x9%, as the uncertainty in R is dominated by the much lessprecise
x3Ps. We can explore the likely aberration corrections to xS for various possible
geometries.Using a range of values given by studies of the double pulsar's emission
properties[4d, we estimate 4 10 ®and 4§ 10 “. The contribution of aberration
therefore is at least one order of magnitude smaller than our current timing precision.
In the future this e ect may becomeimportant, possibly limiting the usefulnessof R
for tests of GR. If the geometry cannot be independertly determined, we could use
the obsened deviations of R from the value expectedwithin GR to determine 4 and
hencethe geometry of B.

In the near and far future, the precision of the all parameters will increase
further, becauseof the available longer time spanand also the employment of better
instrumentation. In a few years, we should therefore be able to measureadditional
PK parameters, including those which arise from a relativistic deformation of the
pulsar orbit and thosewhich nd their origin in aberration e ects and their interplay
with geddetic precession(see[18]). On secular time scaleswe will even achieve a
precisionthat will require usto considerpost-Newtonian (PN) terms that go beyond
the currently useddescription of the PK parameters.Indeed, the equationsfor the PK
parameters given earlier are only correct to lowest PN order. However, higher-order
corrections are expected to becomeimportant if timing precisionis su cien tly high.
While this has not beenthe casein the past, the double pulsar system may allow
measuremets of thesee ects in the future [24].

One sudch e ect involves the GR prediction that, in contrast to Newtonian
physics, the neutron stars' spins a ect their orbital motion via spin-orbit coupling.
This e ect would be visible most clearly as a cortribution to the obsened! in a
secular[40] and periodic fashion [50]. For the J0737 3039system,the expected con-
tribution is about an order of magnitude larger than for PSR B1913+16,i.e.2 10 *
degyr ! (for A, assuminga geometry as determined for PSR B1913+16 [43)]). As the
exact value depends on the pulsars' momernt of inertia, a potential measuremem of
this e ect allowsthe momert of inertia of a neutron star to be determined for the rst
time [51]. To be successfukequiresthe measuremen of at least two other parameters
to a similar accuracyas! . While this is a tough challenge, e.g. due to the expected
pro le variations causedby geadetic precessionthe rewards of such a measuremen
and its impact on the study of the equation of state of neutron stars make it worth

trying.

11 Summary & Conclusions

With the measuremen of v e PK parameters and the unique information about
the massratio, the PSR J0737 3039 system provides a truly unique test-bed for
relativistic theories of gravity. So far, GR also passesthis test with ying colours.
The precision of this test and the nature of the resulting constraints go beyond what
hasbeenpossiblewith other systemsin the past. The test achieved sofar is, however,
only the beginning of a study of relativistic phenomenathat can be investigated in
great detail in this wonderful cosmiclaboratory.



86 M. Kramer Seminaire Poincare

Table 1

PSR J0737 3039A PSR J0737 3039B
07M"37M515:24927(3)

30 39°40007195(5)

Timing parameter
Right Ascension
Declination

Prop er motion in the RA direction (mas yr 1) 3:3(4)

Prop er motion in Declination (mas yr 1) 2:6(5)

Parallax, (mas) 3(2)

Spin frequency (Hz) 44.054069392744(2)  0.36056035506(1)
Spin frequency derivative _ (s 2) 3:4156(1) 10 15 0:116(1) 10 15
Timing Epoch (MJD) 53156.0 53156.0
Disp ersion measure DM (cm 3pc) 48.920(5)

Orbital period Py, (day) 0.10225156248(5)

Eccentricit y e 0.0877775(9)

Projected semi-major axis x = (a=c) sini (s) 1.415032(1) 1.5161(16)

Longitude of periastron ! (deg)
Epoch of periastron To (MJD)
Adv ance of periastron !|_ (deglyr)

87.0331(8)
53155.9074280(2)
16.89947(68)

87.0331+ 180.0

[16.96(5)]

Gravitational redshift parameter (ms) 0.3856(26)

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

Shapiro delay parameter r ( s) 6.21(33)

Orbital period derivativ e Py 1:252(17) 10 12

Timing data span (MJD) 52760{ 53736 52760{ 53736
RMS timing residual ( sec) 54 2169
Total proper motion (mas yr 1) 4.2(4)

Distance d(DM) (pc) 500

Distance d( ) (pc) 200 1000
Transverse velocity (d = 500 pc) (km s 1) 10(1)

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)

Table 1: Parametersfor PSR J0737 3039A (A) and PSR J0737 3039B(B) as mea-
suredby Kramer et al. (2006). The valueswerederived from pulsetiming obsenations
using the DD and DDS models of the timing analysis program tempo [27] and the

Jet Propulsion Laboratory DE405 planetary ephemeris[2§ Estimated uncertainties,

givenin parenthesesafter the values,referto the leastsigni cant digit of the tabulated

value and are twice the formal 1- valuesgiven by tempo . The positional parameters
are in the DE405 referenceframe which is closeto that of the International Celestial
ReferenceSystem. Pulsar spin frequencies  1=P arein barycertric dynamical time

(TDB) units at the timing epoch quoted in Modied Julian Days. The v e Keple-
rian binary parameters(Py;e;! ; To, and x) are derived for pulsar A. The rst four of
these (with an o set of 180 addedto ! ) and the position parameterswere assumed
when tting for B's parameters. Five post-Keplerian parametershave now beenmea-
sured. An independert t of ! for B yielded a value (shown in squarebrackets) that

is consistert with the much more preciseresult for A. The value derived for A was
adopted in the nal analysis. The dispersion-baseddistance is basedon a model for
the interstellar electron density[29] and has an uncertainty of order 20%.
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Table 2
PK parameter Observed GR expectation Ratio
Ry 1.252(17) 1.24787(13) 1.003(14)
(ms) 0.3856(26) 0.38418(22) 1.0036(68)
s 0.99974( 39,+16)  0.99987( 48,+13)  0.99987(50)
r( s) 6.21(33) 6.153(26) 1.009(55)

Table 2: Four independert tests of GR provided by the double pulsar as preserted by
Kramer et al. (2006). The secondcolumn lists the obsened PK parametersobtained
by tting aDDS timing model to the data. The third column lists the valuesexpected
from generalrelativit y given the massegdetermined from the intersection point of the
massratio R and the periastron advance! . The last column givesthe ratio of the
obsened to expected value for ead test. Uncertainties refer to the last quoted digit
and were determined using Monte Carlo methods (seeSupporting Online Material).
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