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%ﬂ I The double pulsar

PSR JO737-3039 discovered in April 2003 at Parkes in
high' latitude SUrvey (Burgay et al. 2006)




- A young 2.77-s pulsar in a 2.4-hr orbit with an old 22-ms pulsar.
- Orbit size ~ Sun, with orbital velocities of 1 Million km/hl
* Ideal lab for gravitational physics and understanding pulsars.
Burgay et al. (2003). Lyne et al. (2004)
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Basic parameters

A: B:
P 22.7 ms 2.77 s
P 1.7 x 10-8  0.82 x 10-15
Char.age 200 Myr 50 Myr
Bt 6 x 10° 6 1.6 x 1012 6
R c 1,080 km 1.32 x 105 km
B, . 5x 103 6 0.7 6
dE/dt 6 x 1033 erg s-11.6 x 1030 erg s-!
IMean V., 301 km s-1 323 km s-1



Birth & Rebirth in the double pulsar

1. First pulsar is born
in Supernova explosion

2. First pulsar is spun up
by mass transfer from
companion

3. Second pulsar is born
in Supernova explosion

Dramatic confirmation of evolutionary theories!



The life

x Binary

B AXP

Yaung Pulsars

of pulsars
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Blowing in the wind...

.~ g

. Orbital phase —

+ An energetic pulsar wind from A il
| © The emission from B is affected
» B is only visible for short parts of the orbit!
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Orbital modulation of “"B” emission

Two bright intervals near inferior conjunction:

| Effelsberg 4.85 GHz|, ||
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Direct modulation of B's emission by A
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Huge precession of orbit!
Orbit precesses by 17 deg/yr!

2003.3 Remember Mercury:

@ =0.00012deg/ yr

Mercury

X (lt—s)

* Measured within a few days of observations!
* One full revolution in about 20 years!

(combared to 3 Million vears for Mercury)



Orbit is shrinking by 7mm per day!

- Change in orbital period due shrinking orbit

* Neutron stars will collide in 85 Million years due to
gravitational wave emission!
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- Discovery boosts expected LIGO detection
rates by almost an order of magnitude...!



Pulsar clock slows down near companion!

Pulsars’ separation is
changing during orbit:

Pulsars are running slower

and faster during orbit

by about 380 microseconds!
(grav.redshift + 2nd order Doppler)




~ Space-time is curved near pulsar




Space-time is curved near pulsar

Kramer et al. (to be subm.)

) 30 b r;"lb i ?IG ii[..‘.lP Fl‘lagle 24I(I d:“lelgwljl 330 360




Space-time is curved near pulsar

| i=88.7 deg

- To Earth

30,000km

System is seen edge-on!



Space-time is curved near pulsar

<— lasting fo'r__:{__ )

Orbital phase —>

- ar’rh

30,000km

System is seen edge-on!
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* A plasma & gravity lab
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Precision tests of GR



Testing Einstein

Experiments made in Solar System provide accurate tests
..but only in weak gravitational field!

In strong gravitational fields, physics may be different!

E.g. additional scalar field may appear in strong fields:

A ] ] maximum
Scalar mass

Charge
(for B,=-Cl
ma/mg

L 15 2 %

critical *

mass N =0
. Oo

Damour & Esposito-Farese (1996)
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Testing Einstein

Experiments made in Solar System provide accurate tests
..but only in weak gravitational field!

In strong gravitational fields, physics may be different!
Compute energy in gravitational field: E yravity

mc?

Neutron stars &

Solar system:
Black Holes: Y

£, ~0.000001
& ~0.0000000001

&, ~0.00000000001
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%ﬂ Strong-field tests with binary pulsars

Elegant method to test (falsifyl) any theory of gravity
(Damour & Taylor '92)

Effects can be described
as Post-Keplerian params
as function of only the [
observed Keplerian parms o[

and the masses of pulsar %

and companion, eg in GR: o

nn]

Telar) 1 g
PK =f(K,m ,m,) ol ]

f, g depend
on theory!

UIIII0.5IIIIIIIII1.5IIII2I
mc = g(K, PK,mp) Mass A (Msun)
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%ﬂ Strong-field tests with binary pulsars

Elegant method to test (falsifyl) any theory of gravity
(Damour & Taylor '92)

Effects can be described * PK,
as Post-Keplerian params
as function of only the [
observed Keplerian parms o[
and the masses of pulsar
and companion, eg in GR:

PK, |

Faill

B ) 1
PK =f(K,m ,m.)

f, g depend
on theory!

0 0.5 1 1.5 2
mc :g(K,PK,mp) MassA(MSun)

0.6

PK;

c 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 1 )
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%'* Observatory
%ﬁ Strong-field tests with binary pulsars

Elegant method to test (falsifyl) any theory of gravity
(Damour & Taylor '92)

Effects can be described
as Post-Keplerian params
as function of only the [ « — 2 tests possible
observed Keplerian parms o[
and the masses of pulsar
and companion, eg in GR:

i
s |
= | Pk

B ) 1
PK =f(K,m ,m.)

1 f, g depend PK, PK,

0.6

on theory!

UIIII0.5IIIIIIIII1.5IIII2I
mc = g(K, PK,mp) Mass A (Msun)
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Double Pulsar: Tests of GR

Mass B (Mg )
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) Double Pulsar: Tests of GR

December 2003 (Lyne et al. 2004)

D 0.5 1 1.5 2
Maes A (Mg )



Double Pulsar: Tests of GR

Kramer et al.

~

in prep.

0 0.5 | 1.5 s
Mass A (Mg )



) Double Pulsar: Tests of GR

Kramer et al. in prep.

~

1.5

0 0.5

M,=1.3381(8)M,



) Double Pulsar: Tests of GR

Kramer et al.

~

in prep.

Mass A (Mg )
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- Significance of "R
-

To 1PN order, Kepler's 3 law given in generic form as:

3

213 e.g. bamour
1_1(55+3_2V)(GABMtotnj } ’ Pl'aylor' 92
6 C

n=02z/PR), v=mm,/MZ, &=27+1/G,, =G, (strong field)

Qualitatively
different
constraint!

2ld effects!

Different to other PK p¥ameters, which all depend on
strong-field modified “constants”!

(e.g. G, differs from GNewton depending on strong-field effects



Kramer et al.

Double Pulsar: Tests of GR

in prep.

~

Mass ratio & 5 PK parameters
<6-2 = 4 potential tests!
More than in any system!

0 0.5 1 1.5 2

Mass A (Mg )



e Double Pulsar: Tests of GR

Based on:

R =1.071+0.001 & w=16.8995+0.0007 deg/yr (0.004%)
Expected in GR: Observed:
y = 0.3840 ms y = 0.3839+0.0011 ms (0.3%)

dP, /dt=-1.248x10-12 dP./dt=(-1.252+0.014) x10-12 (1.2%)

r =6.152 ps r =6.21 +0.24 us (4%)
s=0.99987 s =0.99978 + 0.00012 (0.01%)
SeXp Kramer et al. to be submitted. | Best test in s1'r'ong-field

—=1.0000£0.0007 - Purely non-radiative with
S fundamentally different constraint!



Outline

Precision tests of GR
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Moment -of -inertia
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Geodetic Precession

+ Relativistic Spin-Orbit Coupling = . \. Ot .
- First prediction for binary pulsar - - - / '
by Damour & Ruffini (1974) = '

* Precession rate expected in GR:
(e.g. Barker & O'Connell 1975, Bérner et al. 1975)

o [2_7[)5/31_ 23 M (4m_ +3m.) 1

T.=GM_c°

P ) 7 2(m, +m)"* 1-¢*

What effects do we expect to observe?



Effects of Geodetic Precession
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he Effects of Geodetic Precession

* Pulsar may not always be visible
* Line-of -Sight will change
- Changes in pulse shape, width and polarization
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eodetic Precession in JO737-3039A

* Precession period of double pulsar only 71/74 years!
- Expect to see effects already!
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Spin-orbit coupling

Relativistic spin-orbit coupling contributions to observed
periastron advance:

Formally, spin-orbit coupling enters at 1PN levell

For binary pulsars however, numerically they are
of size of 2PN effects (Wex 1995), so usually
they are ignored

However, for double pulsar, precision in periastron
advance measurements has reached 2PN limit!



Geometry dependent Neutron star dependent

Assuming 'canonical’ values: 1PN = 16.9 deg/yr
2PN = 0.0004 deg/yr
SpinA= 0.0002 deg/yr

Need two other parms with similar precision.. Not easy! sin(i), Pbdot?
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1PN 2PN

Equation-of - Statel

I Measure NS moment of inertialll
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ExB ol Bant -
S Equation of State
é - Measurement of M & I better than M & R

* Even low precision with important consequences for EOS
E.g. Lattimer & Schutz (2005)

2.0
M (M)

Already some constraints from mass of B under assumption
- about supernova explosion (see Podsiadlowski et al. 2005)
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Moment -of -inertia
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* Frame-dragging



Rachel Mowak, Melbourne ®

ientist, Sep.'04

Neutron stars
steal space

probe's glory

IT HAS taken almost 50 years to
conceive and build and has cost mone
than $T00 million, but now NASA's
Gravity Probe B spacecraft could be
upstaged by telescopes on the ground.

The craft is designed to accurately
test Einstein's general theory of
relativity. According to the theory,

a gyroscope orbiting a massive object
such as the Earth should experience
two forces that gradually cause it to
“precess”, pushing its axis of spin
out of alignment. The stronger force,
known as the geodetic effect, is
caused by the Earth warping the fabric
of space-time, The other, known as
the gravitomagnetic effect, is caused
by the rotating Earth dragging space
and time around with it.

Gravity Probe B, which carries
ultra-sensitive gyroscopes, was
conceived in the 1950s to measure
these forces, but was only launched
in April this year. It has yet to take
any measurements, Francis Everitt,
the physicist in charge of the project
at Stanford University, says the probe
should produce results by mid-2006.

Meanwhile, astronomers have
been studying binary pulsars -
two rapidly spinning neutron stars
orbiting each other - to measure
these effects. The gravitational
fields of pulsars are so strong that
both of the forces predicted by
Einstein should show up relatively
clearly in the precession of each
pulsar in a binary system, much like
that in a gyroscope.

Last week, Ingrid Stairs of the
University of British Columbia in
Vancouver and colleagues reported
for the first time that the observed
precession in a binary pulsar due to
the geodetic effect was consistent
with that predicted by general
relativity (www.andv.orglastro-
phioLOBLST),

So the big prize for Gravity Probe B
s now the gravitomagnetic effect,
which is hundreds of times weaker
than the geodetic effect and is
unlikely to be seen in the near future
by Stairs's team. But earlier this year,

astronomers announced the
discovery of a binary system in

which the pulsars are much doser
together and orbit each other every
2.4 hours. The discovery has triggered
a burst of activity to gather data on
the pulsars from radio telescopes all
over the world and a hunt through
historical records for past observations
of the system.

The huge gravitational forces
at work in it should make some of
the effects predicted by relativity
easy to see, says Robert 0'Connell,
a theoretical physicist at Lovisiana
State University in Baton Rouge.
For instance, the geodetic effect
should cause the axes of the
pulsars to precess 2500 times faster
than the gyros on Gravity Probe B,
says 0'Connell.

The gravitomagnetic force will
be harder to see, however. “We
have run simulations, and we could
see it within three years, maybe
sooner,” says Michael Kramer, an
astronomer at the UK's Jodrell Bank
Observatory run by the University of
Manchester and a member of the
team that discovered the pulsars.

If he's right, the team could
challenge Gravity Probe B for the
first observation of this force.

But Everitt insists that the
discovery of the new pulsar system
has little significance for the Gravity

Probe B project. He points out that
astronomers trying to detect
gravitomagnetic effects in pulsar
data will have to make significant
assumptions about an important
property of the way the stars sp
knowen as their moments of inertia.
These are currently unknown. “In that
case, it is not a proper test of general
relativity,” says Bveritt.

Mevertheless, Kramer is confident
that physicists will find some way to
avoid this assumption and believes he
has Gravity Probe B in his sights.

“0f course, we would like to be first,”
he says. Everitt is unmoved by the
challenge. | would be very surprised




vidence for Frame-dragging Effects
Illustration of frame dragging effects using simple model:

* Following Nordtvedt (1988) look at theories in PPN
limit that differ from GR only in PPN parms ¢, «,

+ without preferred-frame effects, we get:
(see Nordtvedt 1988, Will 1993)

=—1+2U -2U%+

1
——§(7+a1 0(2)\/ (1+a2)\N

=(1+2U)5,

Hence, no framing-dragging effects only

for go;=0, or @, =-8, a,=-1
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vidence for Frame-dragging Effects

* In this simple framework, one can show that

. 1

Nordtvedt (1988), Will (1993)

* Determine GR value from Shapiro and mass ratio
which are independent of frame-dragging effects

+ Compare predicted GR value to observed value,
obtaining a limit on A and hence non-existing of

frame-dragging
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vidence for Frame-dragging Effects

In our choice of theories, we have 2d-plane for illustration:

10

GR

* — —_
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vidence for Frame-dragging Effects

In our choice of theories, we have 2d-plane for illustration:

10

N GR\
1 Effects are
T clearly seen! -

-10 -8 -6 -4 -2

| | | | | | | |
10 -8 -6 -4 =2 0 2 4 B 3 10
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vidence for Frame-dragging Effects
Even in this simple framework with only two parameters, one
sees that Gravity Probe-B is testing different aspects:

No replacement but comforting complementary evidencel!
- Gravity Probe B

1

GR

« | A
| \\\\\\
o | | | |
| | | |

-10 -8 -6 -4 -2

| | | | | | | |
10 -8 -6 -4 =2 0 2 4 B 3 10
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The Future



The Square-Kilometre-Array
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The "Square-Kilometre-Array”

Iihe biggesd telescope ever builf

liackling Noble=prize:science

Construction| 2012=2020, first: science by 2015
Iihe science! case requiress gigantic collecting area
- | * . huge field=of~view! (FGV)

lange; spatial nesollution

muliiple, independeni*EOVS

Inner core

xilostudios.com
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Until then...

Double pulsar has lived up to all its expectations

* Valuable tool to probe a pulsar magnetosphere
* Most relativistic system ever found
* Unique testbed for theories of gravity

Best strong-field test of GR ever

- With continuing timing observations precision will

continue to improve ("No show-stopper™)
Double Pulsar will surpass ALL solar system testsl!

- Measure relativistic orbital deformation and

aberration for the first time soon

- Measure moment of inertia of a neutron star
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