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Pulsars are Cosmic Lighthouses...
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Pulsars are Neutron stars

Stairs (2004)

- Radius is-about 10 km

- Size and structure depends

on "Equation-of - State”
* Current research suggests:

Atmosphere
/Superhot plasma

Outer crust Starquakes
/ Crystal lattice: 200 m deep

nuclei + electrons

Crystal lattice: 1 km deep

Double Neutron Sttllh
.

B1813+16co
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Neutron star mass (Solar Masses)

nuclei + electrons + neutron drip

~®— 20 km (12 mi) diameter

~ Quter core
Atomic particle fluid

Solid block of subatomic particles?
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The University of Manchester
drell Bank
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Pulsars are...

+ ...almost Black Holes
- ..objects of extreme matter
- 10x nuclear density
-B ~ B, = 4.4 x 1013 Gauss
- Voltage drops ~ 1012V
4‘4 EM = }QJDLILFQ
- lucting & fluid interi

+...precision tools & clocks e.g. period of B1937+21:
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Wide range of applications...

* Use low-eccentricity Pulsar-White Dwarf systems

- See Stairs et al. (2005) for latest result:

£(NS)~0.158

polarization of orbit

“Grav. Stark effect”

Damour & Schaefer (1991)

c(WD)~10"8
Pl o

/

[ egr

Induced eccentricity
a : :
¢, due to galactic acceleration

[@ ) Y |

e, moves due to rel. advance of

P Te 0N ‘ ang
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Wide ranqge of applications...

Spinning neutron stars may emit continuous GW signal

[IOW

LIGO Consortium, Kramer & Lyne (2005) _ :

19 1. Betzwissar.* B. Bl
B. Blancl** B. Bochrer.

52 joint sensitivity
— LKGO design: 1 year
* Joint upper limit
QO Spindown upper limit

i

K. I'l.wu-' L Sakerman = V. S.lml:‘\.u o . Sanda i 2B, Sathyaprakush,’ F. ﬁ‘ Seaudecn,
F. Samnge & Sooncn, ¥ R Sehill {. T (= R Schmbal ¥ R S:Iu-MJ il
F. Schwr -m.l,"S.!nI Scoit,! 5. E. Soader) .

Gravitational wave amplitude h,

Frequency (Hz)
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x Binary

& AXP

(NASA)

Some dead pulsars with
companion will be spun up
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The University of Manchester
Jodrell Bank
Observatory

Post-Keplerian Parameters
Z = necessary corrections to
describe observed pulse

times of arrival (TOAs

Binary period, P, Most common PK parameters:
Projected semi-major axis, (see Damour & Deruelle ‘85,'86)
x = a, sin(i) / c ~ + Precession of orbit, dw/dt
Eccentricity, e -+ Decay of orbit, dP,/dt
Longitude of periastron, o * Shapiro delay, r and s

Epoch periastron, T, ~+ Gravitational redshift, y
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All PK parameter can

be written as function of

only observed Keplerian

and the masses of pulsar

and companion, eg in GR:

|

Mass A (Mg )

1.5
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All PK parameter can
be written as function of

only observed Keplerian

and the masses of pulsar

and companion, eg in GR:

|

Mass A (Mg )
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All PK parameter can

be written as function of
only observed Keplerian
and the masses of pulsar
and companion, eg in GR:

Mass A (Mg )
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[ i hester

Observatory

The binary pulsar: PSR B1913+16

PSR B1913+16 .

1.9 Mill. km

unseen -~ PZ59ms

Mg =139 M, Mo=1.44 M,

Pb=7:8.h | e=0.617

Discovered by Hulse & Taylor in 1974
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i hester

| The binary pulsar: PSR B1913+16

Observatory
Weisberg & Taylor (priv. comm)

3 PK parameters measured: oo
BN

(Weisberg & Taylor 2003)

=3
L=

- ©=4.226607(7)deg/yr = "

-y =4.294(1) ms :

v —25

(B =2421104)x10" |

R

General Relativity prediction /

—35

* Orbit Shr.inks b,v lcm/da'V! _4D_||I|II|I|II|I|II|II|I|IIII||I|I

1975 1880 198> 192590 1933 2000 2005

- Measurement first announced Year
at 1978 Texas Symposium in Munich.
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The University of Manchester
Jodrell Bank

Observatory

The binary pulsar: PSR B1913+16

3 PK parameters measured:
(Weisberg & Taylor 2003)

Precision limited by
extrinsic effects:
At ~0.2% level.

4 0
.o

T.b

1.4

N
T

Niest = Npg -2
o 3-2-=1

—_
I

o
(09)
T

Companion Mass (M__)

o
o

©
~
1 I

M, =1.4408(3)M . |
M, =1.3873(3)M

o
no

T SO SO VNN I (N O I SO N O O O T
02 04 06 08 1 12 14 16 18

Pulsar Mass (M )
sol

o
o T
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i hester

Observatory

' The second DNS: PSR B1534+12

PSR B1534+12

2.2 Mill: km

- -

unseen *© PZ38ms

M=133M, T M=1.34 M,

P =10.1h . e=0274

| Discovered by Wolszczan et al. in 1990
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[ i hester
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 The second DNS: PSR B1534+12

Observatory

. , Theoretically:
oL S 0 D Ny = Ney -2

1.8_ - =5-2-=3

ol = But: only three PK
parms usable: test
at ~1% level.

ﬁ

—_—
i\) .
T T

. — | 70 i e
i 1 7 — 207007 ) my

—h
T

o
0

Companion Mass (M_

sin(i)

2
o

©
~
T T

B s \obs |
dP,/dt does not fitll (Pb) =-0.137(3) x10™*
N R B 820975(7) "

Pulsar Mass (Msol) r = 67(1 O)
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The University of Manchester
Jodrell Bank

-
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Mass loss

Relative |
motion/acceleration Tidal

PSR-SSB interaction

— _/
Y

Not relevant for D
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The Un
OuI’EH Bank

%‘*
J anges in orbital period:

kinematic contributions

» Damour & Taylor (1991)
Vr

1 - /.
_KO(aPSR
C

i 3
. d/R,—cosl \l
. R, sin l+(d/R —cosl\ /

Acceler'ahon
parallel to

+ With knowledge of Galactic potential, distance and
velocity, one can correct for it: e.g. PSR B1913+16

one can use deviation from intersection for



http://www.bcltechnologies.com/easypdf/

The University of Manchester
cﬂeIIE‘?nL
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Changes in orbital period:

kinematic contributions
. 31534"'12 I(Sflair'sle'r ql. '92) .

of

Companion Mass (M

d=1.02:0.05 kpc

. L I T T |
02 o 4 o 6 08 1 D — 4 1.6 \8 2
Pulsar Mass (M__) \

W ohe can use devmflorﬁ‘rom uﬁ‘ersecﬁ‘lorﬁor
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The University of Mancheste
Jodrell Bank
Observatory

Depending on kind of test, different systems usefu

~+ For Scalar-Tensor theories: use PSR-WD systems!

- - - - nl.
U (J 4= Zidd ¢ 7 e UOUDIE A1 J U L JIN

DNS P(ms) Pb(d) x(It-s) e

—— JO737-3039 22.7/2770 0.102 1.42/1.51 0.09
-~ B1534+12 379 0.421 3.73 0.27
- J1518+4904 40.9 8.64 20.0 0.25
- J1756-2251 28.5 0.320 2.76 0.18
 J1811-1736 104.2 18.8 34.8 0.83
J1829+2456 41.0 1.18 7.24 0.14
B1913+16 59.0 0.323 2.34 0.62
- B2127+11C 30.5 0.335 2 9- 0.68

¢
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The University of Manchester
Jodrell Bank
Observatory

Depending on kind of test, different systems usefu

~+ For Scalar-Tensor theories: use PSR-WD systems!

- - . - - nl.
U (J 4= Zild & 7 e UOUDIE A1 J U L JIN

DNS P(ms) Pb(d) x(It-s) e

— JO737-3039 22.7/2770 0.102 1.42/1.51 0.09

The Double pulsar!



http://www.bcltechnologies.com/easypdf/

Outline

Collaborators:

. . ‘ .
) 'a a¥r A a¥r. A AN 'a ala a DIN.V.VWal% a¥r . A/ [J ala A Y A wn
J Syw1& S S oour GQy N U

A:Possen‘ri,l I.;‘S’rairsl R..Ferdman, BtJoshi, P.Freir'el, F.Camilo
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Jodrell Bank
Observatory

- Survey led by Jodrell Bank
* Most sensitive & most

successful survey ever
* More than
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° A voundad - o]l 6l N O

with an old 23-ms pulsar

with
potential

AVAAAS
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x Binary

B AXP

Taung Pulsars
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5x1036  0.76

6 x 1033 erg s-11.6 x 1030 erg
301 km s-1 323 km s-!
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5x1036  0.76

6 x 1033 erg s-11.6 x 1030 erg
301 km s-1 323 km s-!
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y of Manchester
rell Bank
Servd 1,(__} I'_‘J,,-’

Blowing in the wind...

)/757=30598  20cm.

Integration Index

* AN _energe ’ U Al‘, OM_ A
* The emission from B is affected §
* B is only visible for short parts o

Orbital
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Light-cylinder

Node) (degrees)

200

Orbital phase —

Integration Index
tude (w.r.t. Asc.

100

<— At superior conjunction
lasting for ~27 sec

~ Lyne et al. (200

0.4 0.6

Pylse Phase
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The University of Manchester
B Jodrell Bank
s Observatory
clipses 0

magnetosheath

.....

wind from A

.
.,
.
.

-
»
.
.
ort?
=
ws®

9 >

Light-c

Time (s)

0
T T T — T T T — T

200
200

Integration Index

Pulsed flux density (arbitrary units)

100

100
Binary Longitude (w.r.t. Asc. Node) (

o

McLaughlin et ———

0 0.2 0.4 0.6 0.8 1 0 972 a4

- Pulse Phgse - Orbital phase (degrees)
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s emission by

irect modulation o
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McLaughlin_et=al.~(2004a)
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cﬂeIIE‘?n
J

il
% Most relativistic sys’rem ever!

ﬁm|arclsJhﬂearkeu:lvaneeofAﬁLe\leg#ypl— SR T

— ©=0.00012deg/ yr

* Mercury

&

Remember B1913+16:
— w=4.23deg/ yr
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The University of Manchester

Jodrell Bank
Observatory

Detection of Shapiro delay

ulses of A are delayed when propagating through
curved space-time near B:

Residuals (uLs)

)
=
L
o
p
B
@
o

120 180 240 300
Longitude from ascending node (deg)
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* Change in orbital period due shrinking orbi

* Neutronstars will collide in only 85 Myr' due to

Detectio nitial LIGO (yr™*)

gravitational wave emission! A

B1534+12

N ~ " PSR

ﬁeam
. ’ Ciire
SEEES Burgay et al. 2003

i@
fyaced

10*
rate (Myr™)

Kalogera et al. 2003

Resulting in increased merger and detection rates

predicted for first-generation of ground-based

gravitational wave detectors.
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Pulsars’ separation is

changing during orbit:

Pulsars are running slower and

faster during orbit

MDD o0 W Soraer Doonbleln
[ ) ® [ ]
NSeconqas
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1.5

A
<
m
ra]
g
=

Mass A (Mg )
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| )

3
=
m
o
g
=

Mass function A

1 1.5

Mass A (Mg )
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Mass function B

3
=
m
o
g
=

1 1.5

Mass A (Mg )
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The Un Aanchest
OUrell Bank

@ Observatory
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Mass ratio

1
Mass A (Mg )
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~ W
Y
b

~

"\.
Periastron .
Y
advance .

1
Mass A (Mg )
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h— ||||||| -—

Shapiro r "~

1
Mass A (Mg )
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1
Mass A (Mg )
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1
Mass A (Mg )
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1
Maes A (Mg )
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1

Mass A (Mg, )
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1
Mass A (Mg}
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Kramer et al. in prep.
. -

b

o

W

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

1

Mass A (Mg}
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1e University of Manchester

Jodrell Bank

Observatory T e S.r S Of GR

Based on:
R =1.071:0.001 & w=16.9000+0.0008 deg/yr (5x10-5)

 Expected in GR: Observed:

v = 0.384 ms v = 0.385+0.003 ms (7x10-%)

- dP./dt=-1.25x10-12 _dP,/dt=(-1.25+0.02) x10-12 (1.6x10-2

- r =6.2 pus - r=6.2 +t0.1 us (10-Y)

| <20.9997 s =0.9997 +0.0002,.-0.0003 (4x10-4)

exp Kramer et al. in prep. - Bes est in strong-fielc

—1 000+£0. OOIWWW

5% precnsuon of 0.1%!!
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ThelUn
odrell Bank

@% Observatory - ‘ ol ~ ~nf
%}

To 1PN order, Kepler's 34 law given in generic form as:

1/3 2/3 e.g. Damour
— (GAB]lltot j |:1 _ l (58 +3— 2‘/{ GABAftotnj :| ? gaylor '32 .
n 6 C .

n=02x/P), v=mm,/ M

e=2y+14G ,, = G, (strong field)

tot 2

Qualitatively
different
constraint!

Different to other PK pPrrameters, which all depend on
strong-field modified “"constants” like G, which differs

from GNewton depending on stronq-field effects in theg



http://www.bcltechnologies.com/easypdf/



http://www.bcltechnologies.com/easypdf/

Geodetic Precession

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

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

/
o 2_72_ 5 3T2/3 mc(4mp +3mc) 1
P 2(mp+mc)4/3 1-¢e*’

1, = GM@C_3=
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of Manchester
Jod re || Ba n|<

Effects of Geodetic Precession

] Observatory

Feb 1981

Jul 1988
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Kramer (1998, 2002,2003)

Fh
3
\n\

'

B1913+16

PR | P T T L M
1980 1830

Epoch

2000

2000

Epoch

* Pulse shape changes!
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Ratio  Separation

1987.1  Profile

- T . il
- - m "
. A' . e *
k b * -
. . * i
‘ ;
. e . & . -
. -

* Pulse shape changes!
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B1913+16

= L
[

)

I T S T TR I TR T S S [N S
1980 1830 2000
Epoch Epoch

* Pulse shape changes (seen in B1913+16, B1534+12, J1141-6545l)
6 (Period 300 yr) will disappear ~2025! (kramer 1998)
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The University of Manchester

Jodrell Bank
seodetic Precession in

al. (2005

VU
_l_'_l_l_l_l_l_'_l_l_l_l_l_
—/J\-iasu MHz Mean Pmrilel_/\—

MJD 52761

MJD 52835

MJD 52803

MJD 53000

MJD 53068

MJD 53103

AWWMWWWW

MJD 53153

MJD 53198

100

Stretched Proflile

a (deg)

120 180

Pulse Longityd
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The University of Manchester

Jodre

% ank
@ Observatory
é

Changes in light curve & profile:

I 1 1

*I-a I'Hm- I-T-h\nﬂ-:wllm
= -

1 1 o :
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Outline
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. =l
d/R,—cosl \’+ﬁ[
sin’ [ +(d / R, —cosl )41 cd |]

Z

(a.sinb \ v,

(cosl+

@ cPC

Observed: -1.36 x 10-1°

Vertical: -1.26 x 10-20
Plane: -3.10 x 10-20

} negligible

Transverse motion: +2718 x 10-20

— Needed correction: < 0.02%
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The University of Manchester
Jodrell Bank
Observatory

Newly measurable PK parameters

°
~ o~ VY LW_Y = _ V.- = Y = Y _V_ = -
L u LJ L v LJ LJ LJ Dlo » °

2/3 7 7
Tm, [2+6m m,+2m;

4/3
m,+m,

may be measurable in a few years:

5,= 12.6 x 105 expec"rﬁd re teSt
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Aberration

* Pulsar rotates rather than pulses

- Aberration contributes to &

* ToAs are modified by "aberration delay” (DD86)

A, = A{sin[a) + A (u)|+esin a)}

+ B{cos[a) + A4, (u)]+ e cos a)}

with PK parameters A and B which are usually

absorbed in Roemer delay, but...

..aberration parameters will

change due to geodetic precession:

ﬁnnj
P, sini(1—e*)"* dt\sin A

Damour & Taylor (1994884
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The University of Manchester
L‘IIH||E'?H|<
Observatory

Total periastron advance at 2PN level:
Damour & Schaefer (1988)

fot 3 ;
o S @ s )ﬂs
T

\=V—_J/\=H

1PN 2PN Spin é yd '§pi‘n B

Geometry dependent Neutron star dependent

= Padr o

2PN = 0.0004 dezglyr
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The University of Manchester
Jodrell Bank
Observatory

Nlet o) 1t

Total periastron advance at 2PN level:
Damour & Schaefer (1988), Konigsdorffer & Gopakumar (2005)

ko =3B i g - g BB -2, B,

l—e,

1PN 2PN SpinA _“SpinB

|~

Neutron star dependent i

]
JquC DM-=-07 - are!

Measure NS moment of inertialll
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The University of Manchester
Jodrell Bank
Observatory n

% Woment of Inertia

E.g.Lattimer & Schutz (2005)
70F T T T o

60

—
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The searches continue

* More searches at major telescopes, e.g.
+ ALFA survey at Arecibo: ALFR

H.uge A.LFA consortium PSR T1906+0746

0 DVE z Are otting i 144-ms per‘iod -
4-h elativistic bina bUiSa

2"d most relativistic system
A double neutron star? A

* The remaining “holy grail”: a pulsar - black hole system!
* Wanted: millisecond pulsar around black hole

~..Finally, we pointed out that the discovery of a binary

pulsar with a black-hole companion has the potential of

() O AAdIo) = DMNPDE ()

(Damour & Esposito-Farese 1928
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Observa

Find pulsars around stellar BH and in Galactic Centre
Measure BH properties: masses, spin & quadrupole moment
Testing GR description of BHs, such as

% N

see Kramer, Cordes et al (2004), Cordes, Kramer et qe=
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- Sensitivity: dimensionless strain

O 104
h.(f)~ T
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'+ Culmination (so far!) in the double pulsar:

+ Most over-constrained system already

- Only system with constraint independent of self-field

* Most precise test already

* More PK parameter/effects potentially measurable, e.g.
- Measurement of orbital deformation
- Measurement of aberration

Summary:

Pulsars are amazing tools in testing theories of gravity!
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Until then, we'll continue to ask the question...
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SKY S&TTEST REPORT: t‘
Vixen's Computerized ;
“Go To" TE[Escnpe Muunt :
& TELESCOPE < e
Was*
Einsteird
R]_g tPEﬁ:f;E:':'b

theery of gravity -
Herlin ulqu ;

Watch the® -

Moon Hide the .

# ART OF THE - _
Q.FIPIEI'H

Hnwtu-
_ AUTOMATE mun i::
OBSERVATORY

SHOOT THE MOON - J-a

LY

ALT 2009 4L |
Lin I.wmal:nlnr v |I'lm||"

\ AUSTRALIAN .

- “ W
] A 4}
. N e
S KY 3 »
A \

Einstein’s Universe

e Black holes, gravity

and the nature of
time put to the test.

© Washe

‘Wrong?

THE HUBBLE
TELESCOPE
New Visions of
Deep Space



http://www.bcltechnologies.com/easypdf/

