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Only pulsars can probe the strong-field

limit as precise clocks!!
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> Binzry gulsars s gravity 203
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- gEarth
- High-temperature & superfluid
superconductor

e ..relativistic plasma physics in action

e ..probes of turbulent and magnetized I1SM
e ..precision tools
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c and broadband
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The sulsar 2mission 9rycess




Straw-man design or 2 pulsar model|

Light Cylinder

Magnetic

—
1000 km




The lif2 oF sulsars

x Binary e
’ Radio guigt-- _ _ .

& AXP

Toung Pulsars

spin=down age

Surface magnetic fleld

B =3.2.10%VPP Tesla

Fﬂ—-‘ cled Pulsars

Typrcalivalues:
B, .1:2r.1000000000000 x B,

pulsar=




x Binary

Radio _:| Ligt - —~

& AXP

Toung Pulsars

Some willl be spun up as millisecond' pulsars
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» Relativistic gravity
> Fligjn ora2cision SSEroatry
> Cosinolac)y

Blasma pnysiCs; and’ electirodynamics
Galactic prebes: Interstellar medium

Magnetic field
Star fermation; history
Dynamics




The Art oF Pulsar Timing

Flign orecision vossiole, 2.q. variod of B1IYZ7-+211 -
P = 0.0015578064924327+0.0000000000000004 3
> M2zasuring eirrival timas
S NTTTENESHETSLONI N RIS TEINGES
S Il TSHEISLORSE] AI@SSLETINO A CENIE
S COMPANSONRLONUITIINENTICEE]
S GENLINYACEVIATIEISE

2,

' Plulsar/aelescope/iEartia pesition
e Pulsar spinrdewn
* Binarny: motion

Atomic clock/GPS

o Relativistic effects
‘ s l o Star—quakes In young pulsars

Data acquisition




Timing model

2UNISsion 1N Co—ovineg freuna of oulseire

Time to
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| (r ) S) _M Spherical waveforms
| 2¢d (timing parallax)

threl,G) ( Atroemer,bin



Timing Paramaiars

> 5010 YaraAmarars:
» ASEFOMBEFIC Yarsaynai2rs: vasikion, r)roper motion, varallzue




Bifery oulsafs 25 giayity Ees

Fulsar

Periastror

s 5 [aolarian-oaramatars:
Py 2 2, O, Ty

o, P,

2> Nal. corraction o K2olarizn garsnatar — 50 callad
S EN0 PErastron advancera

In case of Mercury:
@ =0.43"/yr =0.00012deg/ yr

N any: theory: of gravity, PK=parameters
only: functions, of cbhservables and
star & companion mass, e.g. In GR:

to order (v/c)? - ‘1PN’
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1.9 Mill: km . :
E ~15 —
_ : = 5. - —zof— - N —f
unse.en i P=59ms E - General Relativity predlctlon/ -
e - - 5 s =
M, =1-39 M, Mo=14aM, [ :
A ' . § ~30 & B
Ry =7.8h : .?=0.-61..7 : sk Pb + 0 E
- E|||||||||||||||||||||||||||
° Orbit Shrinks by 1cm/day 0 19|75 19|8'U 19|85 Y;g?@ 1995 2000 2005

e Evidence for gravitational waves!
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Introduction

* Pulsar properties
* Binary pulsars as gravity labs
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Radio qomt-- -

~75% by JBO

1892 18837 2002

1982 1987
Year

e Most sensitive & most successful

1872 1977

a
1887

e More than
e Still counting...
Lots of exciting systems...




File: PHDOO42 O04E7 RaJd: 07:538:00.6 Decd: —3De35:35, GL 245164 Gb: —4. 427 Data: O105F2
Centre freg. {Hzl: 4401302171 Gentre pericd [(ms]: 2. 72054883 Centre Dhi:c 45,70

File =tart (blk=s): 1 Spectral s/n: Z268.4 Recon s/n: 18.1 Blk length {=) 0.32400 L

Tsamp (ms): 0.2500  Frehil: 1515.5000 DM factor: 1.0 Cond: 20139 — First seln a=: closs 3
Ref MJID: 5214296792 BC Ref MdD: 52174330532
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O 2004006000
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Orbital Phase (pericds)

Orbital parameters suggested that the

companion to 22-ms pulsar Is probably another
neutron star



Syl Eﬁuwyﬁ:_ M "-‘-'f-f\'Mh‘Jf.h‘h:-.ir gAMb 'W‘rﬂk_""‘f W prn o

Science

Discovery of: an additional 2.77-sec periodicity! ;_ -
(Lyne et al., Science, 2004) *
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s \WindFenergy  density; at BHlights cylinder:
A: — 2.1 erg cm:e B: ~ 0.024 erg cm:2

o [hereftore, A wind will penetrate B magnetesphere.
o Approximate pressure balance with B's magnetic field

at r — 0.45 R .. Will' vary with spin and orbital phase.



line of sight to Earth

Inferior: conjunction

At 88° inclination, Qi E_A_‘_._.-._.___._.-._._._._._._.-._._._;.-._.

| A A orbital separation at conjunctionl‘>/ ]?3
.0.S. O dSSES
46 OOO km irom B energy flux balance




Whan A maats B: modulation ofF B emission by A
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| Lyne et al. ,(2004)
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GR with the double vulsar:
'I'he rmst relativis qstem aver!

Remember Mercury?

@ =0.00012deg/ yr

Als9, aroital dacay e nuegs r2l.soin-oroit couolingg!



The douvle vulsar: Boost Tor
gravitational wave hunters

> Nautrorsitars marge eifiar only 25 Myr due fo
¢jrewvitaicionzl weave 2mission




Increase off about
order off magnitude

In the coalesence
rate estimates of
DNS systems.

298 huntars

Tlor rete of




B00sSt Tor gravitarional wave nuntars

- Fluge consequences for the deisciijon raie of
errl\j] FCI_EIO el I Wel\/2 Detection rate for initial LIGO (yr™')
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dlaiaciors!. I
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Increase ol about

In the coalesence _
rate estimates of N R
DNS systems. -
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order of magnitude (ST '-5'3

10*
Galactic merger rate (Myr'l)

Kalogera et al. 2004



Spin-0rbit Coupling due to misaligned spins
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> Relarjvisric Sr)m—Omlr Couoling
> First gradiction for olnzry oulsar |
oy Daynour & Ruffini (L9724

> Pracassijon rats a,(gaciae] p €
(2.¢. Barar & O'Conpal) il /5,

(Again, only dependant on masses and Keplerian parms)
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Kramer (1998, 2002,2003)
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o Pulse shape changes expected — and seen!!

e B1913+16, (Period 300 yr) will disappear ~2025! (kramer 1998)
S oz o releassjon g2 rlge] o f JO7ST 8052 anlys 75 Vsl

2000 2100
Epoch




-

atection of Shapiro delay

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

sin(1)=0.9993(-8,+5)
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30 60 90 120 150 180 210 240 270 300 330 3
Orbtial phase (deg from ascening node}




1.5

Mass B (Mg )

All relativistic corrections
to Keplerian parameters

(post-Keplerian parms.) can -
be written as function of -

only observed Keplerian
and the masses of pulsar
and companion

PK = f(K,m , m)
=N . = g(K,PK,m))
— Iﬂ:5l o I1 — I115I —

Mass A (Mg )



[2s5ts oF ralativistic gravity

Mass ratio

1
Maes A (Mg )
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Tests oF ralativistic gravity
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Tests oF raelativistic gravity
December 2003 (Lyne et al. 2004)

1
Maes A (Mg )




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

obs

®_ ~1.001+0.002

S Kramer et al.(2004) Mass A (Mg )
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Kepler's 3™ law: Significanca oF “R”

To 1PN [eve)| order, relative sagaratiorn givarn 9Yy:

1/3 2/3
a, :(GABEAtot] {1_1(584_3_2‘/{6% totnj }
n 6 C
n

=(2z/R), v=mm /M2, e=2y+1

<

w

A = O, (strong field)

i L0 LEINRGEEYE:

Qualitatively
different
constraint!

Dififierent to other PK pawimeters, which allf depend on
strong-field modified “constants™ like G,z which differs
from GNewten depending on strong-field effects in theory!
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The significance ofF “R”

> Bayone APN cgoroirmetiorn, dafinition of

II cl2oaricls ori a_ctual cho]ce Of cogrelifjzira
S

willbdeviate; firom' straight: line: i =4PNFRUt WIth
a precision which' 1s; prebakbly: much: kelow what
IS measurable or comparable for PK parameters.

Also to consider: & Spin-Orbit Coupling




SVIN CoNLrivutions

S Al TELETSREENOI VAEXECHE W RLONTIEC TN
ARSTIE| ENPEITENOINTIASSEITEASSRE AW RTINSl
COMUIPULERSEARENIEGIITNIIE
=OISINSLEANCEFPEIIASLONAEVAl SN
eniyAusedim- LRN appreXxImatien IgReyIng spin
Formelly, solin-oroit covolineg 2ntars e APN Jaya]
For binary: pulsars however, numerically: they: are

(1

c
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ofi size as 2PN effects (Wex 1995)



SN CoNLrivutions

-I-OEE!.I per]ElSEFOl'I E'.CIVE'.HC .EO ZPI\J ]9\/":‘]: Damsur & Schazizr (1333)
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Geometry dependent Neutron star dependent

Assuming ‘canonical” values: 1PN = 16.9 deg/yr
2PN = 0.0004 deg/yr
145 x- 1913+#16'S valle!



I-O rrll pHr]rlJ Lror rld\/rlrl C= S Dumeur & Schusfar (1238)

o 9
kot — LBO [1+ foﬂoz —gsAﬂcﬁsA"gsBﬁoﬁsB]
T

Equation-of-State!

Measure NS moment of inertial!l
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Introduction

* Pulsar properties
* Binary pulsars as gravity labs
The Double Pulsar

» Discovery of “A” and “B”

ihe Euture



The Futyre

Douola Pulsar:

> oSt gvar—constrzainacd rases

> lessuramarnt of aarretjor)

- Waasurameant of 204 grelar PN affaces
(rloyy do 2025 LY [0 KE77)
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Black Holes:

e Black Hole Properties: Mass, Spin, Q-moment
e Cosmic Censorship Conjecture
e No-hair theorem

Cosmological Gravitational Wave Background




2000 2010 2020

Collecting area = 1 square km!




Unique sensitivity:
Unique timing precision ~multiple beams!

—
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B LR '] B ¥ i % - o
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-

e Blind sUrvey for pulsars will discover PSR-BH systems!



spin quadrupole moment

relativistic and classical spin-orbit coupling

Test Cosmic Censorship Conjecture & No-Hair Theorem!



he Qg (f)~ const.
e Cosmic strings
e phase transitions

and also: merging massive BH binaries 2 2/3
: : NS Qg () oc f
In early galaxy evolution




@D@A

cosmic gravitational wave detector

. Sensitivity: dimensionless strain

n (1) ~ 71



CMB

3—POL

] Cosmological Gravitational Wave Background

Blackbody PTA limit:

Spectrum
Advanced |

strings IGO EEI 2 —_ 2 4
N NoQew () ~ oroa

Extended
Inflation

Further by correlation:

173/ Npgg

Improvement: 104

f only accessible with SKA!

Inflation

K N RN Complementary to

L l |

6w s LISA, &
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Tne douole gulsar s most wonderiul systam o seucly
relettivistic gravity and oulsare (regnatosonaras!
> Amazing 0ossiollities alraacdy, a.¢g. most gracise 25t

SR EVERNNBRE achIEVaRiEnithN eSS KA

> Siglenes Will o cjteiiteitlely eliffe fent

> Finally, we may able to give the reward to Einstein




