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Born-again stars

Massive stars: ~8-15 Mg

* core collapse SN
* others?

Neutron star remnant

* Nnuclear densities
— highly exotic
conditions!

mass ~1.4 Mg

radius ~10 km
strong magnetic field!
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Pulsars: cosmic lighthouses

COST - 15 November 2010 - Valencia




Pulsars: cosmic lighthouses

Spin axis, magnetic axis not
alignhed

* each rotation — pulse

Spins on axis once every
~MsS-Sec

Spin down

Radiation

* magnetic dipole radiation e

* at the expense of rotational
energy

Rotation

=2

Radiation
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Pulsars: cosmic lighthouses

Spin axis, magnetic axis not
alignhed

* each rotation — pulse

Spins on axis once every
~MS-SEeC

Spin down

* magnetic dipole radiation

* at the expense of rotational
energy
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Pulsars: cosmic lighthouses

Two principal populations:
young Vvs. recycled

* young (age ~ 10° - 108 yr)
— P~ 10" s/s
= B=10!=G
recycled (age ~ 10%-10'° yr)
e e A
— B ~ 108-101° G

Spun up due to accretion of
matter/angular momentum
from companion
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Pulsar timing in a millisecond
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Pulsar timing in a millisecond
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Pulsar timing in a millisecond

Record pulse times of arrival (TOAS)

to ti T2 13 ta s te6 t; tg to tTi0 tin ti2 ti3 tia tis Tie T17 tig tig
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Pulsar timing in a millisecond

Record pulse times of arrival (TOAS)
* |label each incoming pulse based on ephemeris

th 2 13 14 s t6 17 T3 lo tio Tn Tz T3 tia T1s tie Ti7 g o
AAAAAJ\AAAAAAAAKAAAA

h1 l‘i3 h7 l‘i12 n'13 h16 h17 n.18
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Pulsar timing in a millisecond

Record pulse times of arrival (TOAS)
* |label each incoming pulse based on ephemeris
* new data — update model

* timing residuals
— (observed - model)

53000 53500 24000 04500
MJD
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Pulsar timing in a millisecond

Record pulse times of arrival (TOAS)
* |label each incoming pulse based on ephemeris
* new data — update model

* timing residuals
— (observed - model)

Residuals (us)

53000 53500 24000 04500
MJD

(Ferdman et al., in prep.)

Phase connection — account for each rotation of NS

* powerful -- how we get such high timing precision
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What goes into the timing model?

Isolated, slow pulsar

* Spin, spin-down

* Earth, solar system motions

* pulsar position, proper motion
¥

iInterstellar dispersion

Robert Ferdman COST - 15 November 2010 - Valencia



What goes into the timing model?

Isolated, slow pulsar

* Spin, spin-down

Earth, solar system motions
pulsar position, proper motion

iInterstellar dispersion

Residual {ms})

0

Taken from "Handhaok of Pulsar Astronamy™ by Lorimer & Kramer
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|solated, slow pulsar

* Spin, spin-down
Earth, solar system motions
pulsar position, proper motion
iInterstellar dispersion

What goes into the timing model

l,

Frequency (MHz)

Channel Number

—

vjtn from "Handbook of Pulsar Astronomy” by Lorimar & Kramer
I 1 IWMI’ 1 r 1 1 1 1 ‘\_'I

0

0.5

Pulse phase (periods)

1
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What goes into the timing model?

|solated, slow pulsar

* Spin, spin-down
Earth, solar system motions
pulsar position, proper motion
iInterstellar dispersion

Frequency (MHz)
Channel Number

—

Aim of timing model: JLM P e
account for and remove ; e :
each possible delay
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Pulsar binary systems

More complex — more delays:

Orbital parameters

orbital period T
eccentricity
longitude of periastron

time of periastron | e
passage

projected semimajor
aX|S Pulsar direction

of motion
Observer

line of sight

Orbital plane

If system is relativistic...
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Post-Keplerian parameters

Corrections to Keplerian orbital parameters
PK parameters are theory-independent

Dependencies are different depending on theory of
gravity

* GR, for example (.q., bamour & Deruelle 1986; Damour & Taylor 1992, PRD, 45, 1840).
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Post-Keplerian parameters

Corrections to Keplerian orbital parameters
PK parameters are theory-independent

Dependencies are different depending on theory of
gravity

* GR, for example (.q., bamour & Deruelle 1986; Damour & Taylor 1992, PRD, 45, 1840).
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Post-Keplerian parameters
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Post-Keplerian parameters

orbital precession (w)




Post-Keplerian parameters

orbital precession (w) Shapiro delay (1, s)




Post-Keplerian parameters

Shapiro delay (1, s)

gravitational redshift/
time dilation (Y)
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Post-Keplerian parameters

gravitational redshift/

time dilation (y) orbital decay (Pb)

Robert Ferdman COST - 15 November 2010 - Valencia



Post-Keplerian parameters

gravitational redshift/

time dilation (y) orbital decay (Pb)
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Post-Keplerian parameters

orbital precession (w) Any two = masses Shapiro delay (1, s)

Wy, 2
S

orbital decay (I5b)

gravitational redshift/
time dilation (Y)
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Pulsars as GR probes
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J. Weisberg, private communication
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Pulsars as GR probes

GR tests since
discovery of first
binary pulsar:
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J. Weisberg, private communication
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Pulsars as GR probes

GR tests since

discovery of first
binary pulsar:

Double pulsar

PSR J0737-3039A/B

* Shapiro delay s
consistent to
within 0.05%

* most precise
strong-field test

Mass B (Msyn)

1.335 1.34
1 | 1 1 1 1 | 1 1 1 1

I 1.5 2
Mass A (Msun)

Kramer et al. 2006, Science, 314,
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The holy grail: pulsar-BH binary

Further GR tests
beyond first-order PN corrections, dipole radiation, ...

Black hole/system properties

mass
spin-orbit coupling
effects of BH quadrupole moment

What we really want is a close black hole-millisecond
pulsar binary

highly relativistic, precise timer

Intermediate-mass BH/pulsar?
some tests not currently possible with SMB
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De’ection ofgravitational waves N\

AN

Pulsars as arms of a giant GW detector!

Credit: David\Champion
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Detection ofigravitational waves

Pulsars as arms of a giant GW detector!

Credit: David Champion
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Detection ofigravitational waves

Direct detection through common effect on arrival'times

period ~ observation time
nHz regime

coalescence of SMBHs due
to galaxy mergers

stochastic GW background |
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Slow-roll inflation - Upper Bound

Credit: David Champion
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Detection ofigravitational waves

Direct detection through common effect on arrival'times

period ~ observation time
nHz regime

coalescence of SMBHs due
to galaxy mergers

stochastic GW background | e 1

E s
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Detection ofigravitational waves

Direct detection through common effect on arrival'times

period ~ observation time
nHz regime

coalescence of SMBHs due
to galaxy mergers

stochastic GW background |

characteristic . Binaries

-

residual correlation = cose

SpeCtrum g . strings !

need ~ 20 pulsars at SKAPTA
~100 ps precision W Sowrolinfaton- UpperBous
timed for about

5-10 years

Current PTA lé R
e F o

Blackbody
Spectrum

5 1 Advanced
/!

1
)
|"
::
!

Credit: David Champion
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Detection ofigravitational waves

Direct detection through common effect on arrival'times

period ~ observation time
nHz regime i

coalescence of SMBHs due IR cSd

1

1

£ ¢ Iy
0 LSArL
1

to galaxy mergers | g
stochastic GW background

characteristic
residual correlation
spectrum

need ~ 20 pulsars at
~100 ps precision
timed for about
5-10 years

well-distributed P S —

Angular Seperation (Degrees)

I

I 0.9K
| Blackbody
I
1

Spectr.u'{n
Advanced ::
1 LIGC ’

Correlation

Credit: David Champion
Robert Ferdman COST - 15 November 2010 - Valencia



Detection ofigravitational waves
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Detection ofigravitational waves

International effort

Europe, North America, Australia

Credit ' on
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Detection ofigravitational waves

International effort

Europe, North America, Australia
Europe: Large European Array for Pulsars (LEAP)
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Detection ofigravitational waves

International effort

Europe, North America, Australia
Europe: Large European Array for Pulsars (LEAP)
5 major radio telescopes'to form tied array

Credit: David Champion
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Detection ofigravitational waves

International effort

Europe, North America, Australia
Europe: Large European Array for Pulsars (LEAP)
5 major radio telescopes'to form tied array

Future astrophysics

iIndividual source detection
alternative gravity theories

nature of galaxy mergers
SKA?

Credit: David Champion
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