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Books

* Manchester & Taylor 1977 “Pulsars”

* Lyne & Smith 2005 “Pulsar Astronomy”

* Lorimer & Kramer 2005 “Handbook of Pulsar Astronomy”

* AA.VV. 2009 “Physics of relativistic objects in compact binaries: from
birth to coalescence”, Springer

Review Articles

* Science, April 2004 — Neutron Stars, Isolated Pulsars, Binary Pulsars

* ARA&A, Jan 2008 — The Double Pulsar

* Living Reviews articles: (http://relativity.livingreviews.org/Articles)
* Stairs 2003: Testing General Relativity with pulsar timing
* Will, 2006: The confrontation btw General Relativity and experiment
* Lorimer 2008: Binary and millisecond pulsars
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Whai is o fodio Pulsu

A PULSAR is a rapidly rotating and highly
magnetized neutron star, emitting a pulsed radio
signal as a consequence of a light-house effect

@Kramer



The roiniing mugneiized NS in yueuum

n=%B, R

is the magnetic
moment

R = NS radius

B, = polar magn. field

Assuming that the rotational energy loss
L., = d/dt (E ) = d/dt (12%2) =102 0
matches the emitted power (derived
from the basic electrodynamics formula):
Lgipore= [ 2/3¢°] | ] 2

one can infer...



Kudiv pulsur busic purameiers

Radio pulsars are powered by rotational energy
The observation of the spin period P and of its derivative P
allows one to give an estimate of various physical quantities:
Spin-down age: T, = 16-10" P/ i’,,, yr
Spin-down power: L., = 3.9-10%P3 i’_,s erg/s
Surface magnetic field: B,,;= 1.0-102[P l.’,,s 1" Gauss

...and allows one to place a pulsar on the basic Pvs P
[or Pvs B, ] diagram...









The ISP formuiion purudizin

Recyeling seenariv: Millisecond pulsars are old
neutron stars spun up by accretion of matter and
angular momentum from a companion star in a

multiple system |Bisnovati-Kogan & Kornberg 1974, Alpar et al. 1982




Mildly recycled: e.g.
jouble neutron
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Main-sequence stars, one > 8 Mg,
one low-mass (~1Mga)

Primary explodes as supernova

Roche-Lobe overflow and accretion disk

. O

Result: long-period binary system

with a millisecond pulsar and a low—mass
white dwarf companion

Example: PSR J171340747

Main-sequence stars, one > 8 Mg,
one intermediate-mass (~5 Mg)

Primary explodes as supernova

Common-envelope evolution:
the NS spirals into and expels the
envelope of the companion

~
o ()

Result: mildly recycled pulsar

(spen perod tens of miliseconds)

in a close orbit with a massive white
dwarl (~1 Mg)

Example: PSR J1157-5112

Main-sequenca stars, one ~7 Mg,

one ~5 Mg Main-sequence stars, both =8 Mg

Mass transfer from the primary
to the secondary

Primary expledes as supemova

O

The primary has lost mass and
shrinks to form a WD

Mass transter 1o neutron star
from companion wind

Common envelope: the WD spirals into
and expels the envelope of the secondary

© 0

WD—HMe-star binary

Common envelepe: the NS spirals
into and expels the envelope of the

e

NS—He-star binary

Roche-Lobe overflow possible
O e
[

Secondary explodes as supermnova

'

L e Secondary explodes as supernova
Result: young pulsar in orbit around B )
a massive WD companion. Result: double-neutron—star system

Example: PSR J1141-6545 xample: PSR B1913+16
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o jdlen: opservations

f\)

Timuy

Performing repeated observations of the Times of Arrival
(ToAs) at the telescope of the pulsations from a given pulsar

AN

searching the ToAs for systematic trends on many different
timescales, from minutes to decades
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Dejepninuiion of ihe TOPOCENTRIC
Times of Arrival (ToAls)

-

Shift = 0.138%51 Phase Units
Error = 0.001523 Phase Units

ToA uncertainty (® = width of the pulse, P=pulsar period):

P§%2  § =w/P

Sper (fobs AV)H/=

Pt

oroa = w/(S/N) =



Timing idew: modeling

if a physical model adequately describes the systematic trends in
the ToAs, it is applied with the smallest number of parameters

pineryige

if a physical model is not adequate, it is extended (adding
parameters) or rejected in favour of another model

when a model finally describes accurately the observed ToAs, the
values of the model’s parameters shed light onto the physical
properties of the pulsar and/or of its environment



Timing key quantity: the residuals

Given the full set of parameters (a,, a,, ..., a,) of a model, the i-th
residual r; is the difference in rotational phase @ (with -0.5<r;<+0.5)
between the observed phase of arrival of the i-th pulse and the
phase of arrival of that pulse as predicted by the model

l‘i - @m (i‘ﬂl p\llse) - Qw‘ 132 v ,.)(i-th pm)

In an iterative procedure, one least-square fits on suitable
subsets of the possible parameters (a,, a,, ..., a,) of the model,
in the aim to remove apparent trends and thus eventually to
approach r; <<1



Thanks to the least-
square fit procedure, one
can iterativelly solve for
roiaiionzl positional and
kinematic parameters, as
well as for keplerian
(when applicable)

and posi-keplerian |

parameters
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moel; isoluied pulsurs

From timing of an isolated pulsar over a long enough
time span, one can in principle get

» RA & DEC: Celestian coordinates

» PMRA & PMDEC: Proper Motion

» 7 : Trigonometric Parallax (i.e. Distance)

» DM : Accurate Dispersion Measure

» DMI1 : Time Derivative of Dispersion Measure
»> P0: Rotational Period

» P1: Time derivative of P0

» P2: Second time derivative of P(

» P3: Third time derivative of P(

) S



Sinee 1974 pulsors in binury
SYStems ure known

M1/M2=3.6; e=0.4



Keplero (1609, 1609, 1619)
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Hizh precision pulsar fiming: which taroeis?

Ordinary pulsars:
~ 1900 known objects;
NS, < few 107 yr

relaiively long pulses & _
rofational irregularities

Reeyeled pulsars: )
~ 250 known objects;
NS, > 10%10° yr
The most rapidly rotating
are known as illisecond

Y ulsars ATNF Pulsar Catalogue



Millisecond pulsars (MSPs)

as clocks

Pulsar periods can sometimes be measured with unrivalled
precision

e.g2. on Jan 16, 1999 at UT=00:00
PSR J0437-4715 (a MSP+WD) had a period of

S.757451831072007 = 0.000000000000008 ms

16 significant digits!
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...for some binary pulsars, the
accuracy of the ToA data is so high

that - by using only the keplerian
description - one cannot obtain

an acceptable timing solution !

Additional physics is needed!
...but... which physics?



Going beyond Kepler...

Tesis of Gravity theories in the strong-field limit
Strong in which sense?
In term of the compactness parameter ¢ the source should satisfy

E

grav

E

rest

— GMSOMI’CZQ = 0.1 _1

R C

source

source

Where to find a laboratory for testing GR in extreme conditions?

Not on Earth or on Solar System...
but in the Cosmo...very interesting targets are

“relativistic objects in compact binaries”

E

grav

E

rest

M
_G 12 =0.2 Egy =
R,

GM,,

2
Ry, c

NSs and BHs are _|Eera

= = 0.5
“relativistic” objects

8NS JE;
rest

Gravitational radiation inspiral affects binary
evolution within an Hubble time

“compact” binaries



Tests of Gravity theories 1n the strong-field lirnit

Astrophysical contexts:

» during late stages of coalescence of a binary hosting relativistic
objects, the orbital velocity approaches ¢ and the orbital separation
approaches the size of the star(s), whence physical processes occur in
strong-field conditions: according to the BH mass, they are wonderful
targets for LIGO, VIRGO, for the Pulsar Timing Arrays (PTAs) and, in
future, LISA

* emission processes occurring in relativistic objects close to the event
horizon: e.g. spectral and timing features in the electromagnetic
emission (often X-ray) from the neighborhood of the last stable orbit of
accretion disks surrounding NS or BH hosted in a binary system: some
hints from XMM-Newton and Rossi-XTE but targets for future high
energy (most X-ray) observatories: LOFT....

* compact relativistic binary pulsars: targets for current TIMING
observations in the RADIO band



Going beyond Kepler...

Tests of Gravity theories ln the strong-field lirnit
Wait a minute! Orbits of known binary pulsars are never
entering the strong-field limit...

GMbin— sr - = Vin— sr
- 2L =107 -107 Y 2107 -107
Erest ‘ abin—psrc C

E

grav ‘

8bin—psr =

But in most alternative theories of gravity (e.g. in the tensor-
scalar ones) the orbital motion and the gravitational radiation
damping depend on the gravitational binding energy (i.e. self

gravity, e.g. 8ys~0.2, £5,,~0.5) of the involved bodies
[e.g. Esposito-Farese 2005, Will 2006]

If enough accuracy in the measurements is provided, significant
efffects are expected to be detectable even in the weak-field limit
for the orbits



Going beyond Kepler...

Tests of Gravity theories ln the strong-field lirnit

A suitable and successful framework for testing and constraining
a very large class of gravity theories is that of the Post-Keplerian
(PK) formalism |Damour & Deruelle 1986)

1" — PK parameters are operationally defined:

i.e. they are phenomenological quantities, which there is a
prescription to measure for

2" —, Im ANY specific gravity theory (picked in a large range of
metric theories), and for negligible spin contributions, the PK
parameters can be written only as a function of the masses of the

two stars and of the keplerian parameters of the binary system
[Damour & Deruelle 1986)]



The easiest to observe post-keplerian parameters

> w : Periastron precession

» Yy :Time dilation and gravitational redshift

»r :Shapiro delay “range”

> S : Shapiro delay “shape”

» P, : Orbit decay due to Gravitational Wave emission
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Pulsur Timing: reluiivisiic pnlsurs

orolital decay




What do we learn when observing also the

Post-keplerian parameters ?

2m

—5/3
w = 3 (—) (Ta@)g‘/ (1 — 571, Periastron precession

4 = e (g) Tg/ 3@' 4/3 7 (@-\» ch) , lime dilation & gravitational redshift

: 1927 ¢ B\ "°f° 73 2 37 4 2N=7/2 5 1/3
B = -5 (2«) (1+24 968)(1_8) T°m® ’

r = Tgom,,  Shapirodelay (amplitude) Orbital period decay

P\ apagzass Shapiro delay (sh
s — 2| =2 T m>t. apiro delay (shape)

2 -

Lowhere...,
‘e orbital eccentricity Once more than 2 !'—‘J..J"J‘/L) tic r’fi ruum ers
. . are kKnown, one derives the masses of
P orbital period the 2 bodies and hence predicis i 12 further

°X projected semimajor axis PK par on the basis of a given Gravity Theory
- m, pulsar mass ¢
° 11, cornozarnion ster nzss

*M=my,+ m,

total systern lagrangian mass A test for Gravity Theories




4’ (ap sini) _ (m,sini)

G Py (n+m)

f(mp’mc) =

Mass Function
constraint

sini=1

The pulsar and companion star masses are unconstrained



One PK-parameter: constraining mass



Two PK parameters: mass determined within a theory



Three PK parameters: in correct theory lines meet !



But not in a wrong theory !!!



Now ihe cainlow copinins 9-11)
Donnle Neniron Siar Binuries

PULSAR Pspin DM Porb apsin(i) Mc+Mp ecc TimeSpDwn TimeMerg
[ms] [cm-3 pc] [day] [1t-s] | Msun | [103 yr] [103 yr]
JO737-3039 22.70 48.91 0.10 1.42 1.34+1.25 0.09 210 0.85
J1518+4904 40.93 11.62 8.63 20.04 2.72 0.25 200 >T Hubble
B1534+12 37.90 11.62 0.42 3.72 1.33+1.33 0.27 2.5 27.0
J1756-2251 28.45 121.60 0.32 2.75 2.57 0.18 tbd 11.0

J1811-1736 104.18 477.00 18.78 34.78 2.57 0.82 970 >T Hubble
J1829+2456 41 .00 13.90 1.18 7.24 >122 <1.38 0.14 tbd  >T Hubble
B1913+16 59.03 168.77 0.32 2.34 1.387+1.441 0.62 1.1 3.0
J1906+0746 144.10 217.78 0.17 1.42 1.25+1.37 0.08 0.001 3.0 NS+WD?
B2127+11C 30.563 67.13 0.34 252 1.36+1.34 0.68 1.0 2.2



The most ,/J/’f’f"\"/’g
for GRR tests are:

PULSAR Pspin DM Porb apsin(i) Mc+Mp ecc TimeSpDwn TimeMerg
[ms] [cm-3 pc] [day] [1t-s] | Msun | [103 yr] [103 yr]
JO737-3039 22.70 48.91 0.10 1.42 1.34+1.25 0.09 210 0.85
J1518+4904 40.93 11.62 8.63 20.04 2.72 0.25 200 >T Hubble
B1534+12 37.90 11.62 0.42 3.72 1.33+1.33 0.27 2.5 27.0
J1756-2251 28.45 121.60 0.32 2.75 2.57 0.18 tbd 11.0

J1811-1736 104.18 477.00 18.78 34.78 2.57 0.82 970 >T Hubble
J1829+2456 41 .00 13.90 1.18 7.24 >122 <1.38 0.14 tbd  >T Hubble
B1913+16 59.03 168.77 0.32 2.34 1.387+1.441 0.62 1.1 3.0
J1906+0746 144.10 217.78 0.17 1.42 1.25+1.37 0.08 0.001 3.0 NS+WD?
B2127+11C 30.563 67.13 0.34 252 1.36+1.34 0.68 1.0 2.2




PSR BI913+16

Discovered on 1974 .« Taylor 75

Pulsar + Neutron Star |
Spin period = 59 ms
Orbital period =7.8 hrs |
Eccentricity = 0.61

Measured 3 PK pars: o vy l",,

Most precise NS mass determination to date:
1.44142) M, +1.3867(2) M., 1 weisvers & Tayior 2004)



% el}t&‘of Rugsell Fulse
ﬂns ein’s equations... The (in?)direct proof of

AP GW existence:
PSR Bl 91 3 +16

of Zero Orbilal Dec

GR onrovides an accurate

NOBEL PRIZE as
1993 o
| Taylor & Hulse R

[Weisbefg 20071




douple pulsar PSR JO737-3039A/8

© Howe - ATNF

The origin of the double pulsar



Summary of the tesis of GR with the Double Pulsar

| Kramer et al 2006 |
Based on:
R =1.0714=0.0011 & ©=16:89947=0.00068 deg/yr.

Expected in GR: Observed: Ratio:

v = 0.38418(22) ms 0.3856(26) ms 1.0036(68)

dP,/dt=-1.24787(17) 10712 | -1.252(17) 10> | 1.003(14)

r =6.153(26) us 6.21(33) us 1.009(55)
s=0.99987(-48.+13) 0.99974(-39,+16) | 0.99987(50)

* Precision of 5x10: best in strong-field
* Expect to supersede solar system tests
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1) Empirical approach: starting from the properties of the
OBSERVED sample of binaries + accounting for the
observational bias

2) Running extended simulations of the most likely
evolutionary scenario starting from a population of
primordial binaries



1) Empirical approach: starting from the properties of the
OBSERVED sample of binaries + accounting for the
observational bias

R = Number of sources
~ Lifetime of a system

X correction factor

| Kalogera et al. 2004 |

| Kim et al. 2004, 2006, 2010 |

| Lorimer et al 2008 |

[ Bulik, Belczynski, Prestwhich 2010)]




Conlescence puie 1 jor NSNS

Number of sources .
= X correction factor

Lifetime of a system

| from Chunglee Kim |

Correction factor : correction for pulsar beaming

(O'Shaughnessy & Kim 2009 |

/ Lifetime of a system = current age + merging time
of a pulsar of a system




Proveriies of pulsours in DNSs

P,(ms) P (ss!) P, (hr) ecc M (Mp)

Galactic disk pulsars merging in less than an Hubble time

B1534+12 37.90 24x10-1%  10.0 0.274 2.7 (1.35)

J1756-2251 28.45 1.0x1018 7.7 0.181 2.6¢(....)
J1906+0746 144.10  2.0x10-4 4.1 0.085 2.6 (1.37)

B1913+16  59.03  8.6x108 7.8  0.617 2.8 (1.39)

J0737-3039 22.70 2.4x10-13 2.4 0.087 2.6 (1.24)



Properiies of pulsars in DNSs (cons)

T. (Myr) T, (Myr) do/dt(deg/yr)

Galactic disk pulsars merging in less than an Hubble time

B1534+12 250 2500 1°.75
J1756-2251 400 15900 2°.59
J1906+0746 10.11 320 7°.57
B1913+16 110 320 4°.23

J0737-3039 200 36 16°.90



Coulescence puie 12 (eumpirienl upproseh)

Cim |

| from Chunglee ¥

Number of sources .
= X correction factor

Lifetime of a system

Correction factor : correction for pulsar beaming

/ Lifetime of a system = current age + merging time
of a pulsar of a system

7/ Number of sources : number of pulsars in coalescing
DNSs in the galaxy of a given type

How many pulsars “similar” to each of the known NS+NS

exist in our Galaxy? It needs estimating the SCALE factor




-

0.001 0.01 0.1
Galactic DNS merger rate (Myr“)




Jor NS -+ NS bingries
For the reference model (at 95% CL):

Coalescence

rate R (current) (Myr1) R (previous) (Myr!)
118_+71974 27_+2830
B1913+B1534+J0737+J1906 B1913+B1534
| Lorimer 2008 |
Increase rate factor
R, (Current) 5.6

R, (Previous)



Deigction rute of NS -+ NS lnspirals

The most probable inspiral detection rates for LIGO/VIRGO
R, (initial) = ~ 1 event per 8 yr (95% CL, most optimistic)

R, (advanced) = ~ 650 events per yr (95% CL, most optimistic)

| Lorimer 2008 |

Many uncertainties in the model

Rates may be significantly higher if 2 substancial population
of highly eccentric binary systems exists. It could escape

detection due the short lifetime before GW inspiral
[ Chaurasia & Bailes 2005 |

One year of observation with LISA of the Double Pulsar would
detect the continuous emission at freq=0.2 mHz with a S/N = 2

[ Kalogera 2004 |
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The Guluciic coulescence ruie It
Jor NS+ WD Bingries

For the reference model (at 68% CL), not corrected for beaming:

y QO At e
Coalescence

rate R (Myr)

+5
47

JO751+J1757+J1141
[ Chunglee Kim et al 2010 |

Coalescing frequencies are in the LISA band:

but expected event rate not very encouraging
| Lorimer 2008]
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NGC300+IC10
[ Bulik et al 2010 |

The most probable inspiral detection rates for LIGO/VIRGO

R det (initial) = ~0.08-2 events per yr (99% CL, range 100 Mpc)

Few uncertainties in the model

At tha maximum of the probability (R=0.8 events per yr), S6 run of LIGO
should have detected one such event... Mlaybe BH+BH formation rate is
largely reduced by the effects of the common envelope in binary evolution,
even in low metallicity environments | Bulik et al. 2010 ]



Loulescence ruie culenluiions:

Full populuiion synihesis upprouch

The alternate option is to run extended
simulations of the most likely evolutionary scenario starting
from a population of primordial binaries

| Dewey & Cordes 1987 |

[ Lipunov et al 1996 |

| Belezynski, Kalogera, Bulik 2002 |

[ Belczynski et al 2008 |

[ O’Shaughnessy et al 2008 |

[ Bulik, Belczynski, Prestwhich 2010]
| O’Shaughnessy et al 2010 |

[ Oslowski et al. 2011 |

[ O’Shaughnessy et al 2012 |

[ Dominik et al 2012 . 1 |



GALACTIC MERGER RATES, Z; | Myr_l] &

Model NS-NS BH-NS BH-BH

S 23.5 (7.6) 1.6 (0.2) 8.2 (1.9)
Vi1 0.4 (0.4) 0.002 (0.002) 1.1 (1.1)
V2 11.8 (1.1) 2.4 Eo.os) 15.3 (0.4)
V3 48.8 (14.3) 4.6 (0.03) 5.0 (0.03)
V4 20.8 (0.3) .9 (0.0) 0.3 (0.0)
V5 24.1 (8.1) 4 (0. 8.3 (2.0)
V6 24.1 (8.3) 4 (0. 8.0 (1.9)
V7 32.4 (9.5) .9 (0.3) 10.4 (2.1)
V8 23.3 (7.7) .03 (0. 0.05 (0.005)
V9 4 (8. 4 (0.2) 16.9 (4.2)
V10 6 (8. .07 (0. 0.6 (0.08)
Vil 2 (6. 2 (0. 29.7 (3.6)
V12 4 (0. . ( .02) 8.9 (1.6)
V13 .1 (6. (3.9) 5.8 (0.5)
V14 2 (3. 23.0 (0.07)
V15 39.8 (17.8) 0.01 (0.007) 1.1 (1.0)
Range 0.4-77.4 (0.3-17.8)  0.002-10.6 (0.0-3.9)  0.05-29.7 (0.0-4.2)

a2 Rates are calculated for a synthetic galaxy similar to the Milky Way
(solar meta.lhclty, and 10 Gyr of continuous star formation at the level of
3.5 My yr—!). Rates are presented for submodel A (CE HG donor allowed),
with the rates for submodel B listed in parentheses (CE HG donor forbidden);

see Section [2.3.1]for details. The range presents the minimum and maximum
value for each DCO type.
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1) Empirical approach: starting from the properties of the
OBSERVED sample of binaries + accounting for the

observational bias
Many uncertainties in modeling the observational bias + limited
statistics in the observed sample

“Tuned” on an observed population of objects

2) Running extended simulations of the most likely
evolutionary scenario starting from a population of
primordial binaries

The uncertainties in the assumption for the initial state of the binaries
make the range of the predicted merging rates larger than with the
empirical approach

Combination of various observational constraints resulting from
binary population synthesis code are very promising
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Note the complementarity in explored frequencies with respect

to the current and the future GW observatories, like LIGO,
advLIGO, advVIRGO and supposed LISA
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