Stationde

astronomie

de Nancay

M Pulsar tlmmg and the
& IISM :

Jean- Mathlas Grlemeeler

Station de Radloastronomle de Nanegay,
LPC2E Unlver5|te Orléans .

. _ ; jean—mathlas grlessmeler@cnrs orleans.fr




* Dispersion
* Scattering

e Scintillation



1967: First pulsar detection

radio observation (~81.5 MHz)
RA: 19h19m astronomical
DEC: +21°47' ' source
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one pulse every 1.337301192269 s!
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[Hewish et al. 1968]
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The two lives of pulsars

10" years

rotation

oeriod [s]

t=0: PO~30 ms (given by
conservation of angular
momentum)

rapid slowdown
end of emission after a
few 10s of Myr (PO>15s)
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The two lives of pulsars

10" years

.41

rotation

period [s]

t=0: PO~30 ms (given by
conservation of angular
momentum)

rapid slowdown
end of emission after a
few 10s of Myr (PO>1s)

some pulsars get re-
accelerated and emit
again in radio
“recycled pulsars”
“millisecond-pulsars”
(PO~3 ms)
(P1~10-201)

[Alpar et al. 1982]



Pulsar recycling

E&, >

Saxton, NRO
[Alpar et al. 1982; Rhadakrishnan et al. 1984]



Pulsar recycling

2002 2006
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2008 2013
s & @ [Papitto et al. 2013]
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IGR J18245-2452 = PSR M238I



The two lives of pulsars

10" years
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Recycling

o1 .. 1

rotation period [s]

PSR J1909-3744

observation on 2013-03-12, 20h30
PO = 2.947108068107624(2) ms
P1: 0.000000000000001 in 2 mins

t=0: PO~30 ms (given by
conservation of angular
momentum)

rapid slowdown
end of emission after a
few 10s of Myr (PO>15s)

some pulsars get re-
accelerated and emit
again in radio
“recycled pulsars”
“millisecond-pulsars”
(PO~3 ms)
(P1~10-201)

[Alpar et al. 1982]



The two lives of pulsars

10" years
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Recycling

o1 .. 1

rotation period [s]

PSR J1909-3744

observation on 2013-03-12, 20h30
PO = 2.947108068107624(2) ms
Pl: 2.6 msin 10 Gyr

t=0: PO~30 ms (given by
conservation of angular
momentum)

rapid slowdown
end of emission after a
few 10s of Myr (PO>15s)

some pulsars get re-
accelerated and emit
again in radio
“recycled pulsars”
“millisecond-pulsars”
(PO~3 ms)... forever!
(P1~10-201)

[Alpar et al. 1982]



Physics and measurements

* mesuring time = counting clock ticks
— can be extremely precise
— possible to measure tiny effects

* however: requires a precise clock!

— use highly stable MSPs

- “pulsar timing”

A _
PSR J1909-3744
observation on 2013-03-12, 20h30
PO = 2.947108068107624(2) ms
P1: 0.000000000000001 in 2 mins



TOAs (“time of arrival”)

PSR B1508+55

-04 0.2 0.0 0.2 0.4 0.6
pulsar phase

“reference profilé

observatory

- R
~ — ceinl

Jupiter

barycentric
correction

radio telescope dedispersion

integration

Temps d'arrivée du pulsar J1600-3053



TOAs (“time of arrival”)

T : .

pulsar

radio telescope



lonized Interstellar medium (1ISM)

radio telescope



* Pulsar timing

* Scattering

e Scintillation



Dispersion

radio observation (~81.5 MHz)
RA: 19h19m astronomical
DEC: +21°47' ' source

lllllll

one pulse every 1.337301192269 s!
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80.5 and 81.5 MHz : 0.2 s delay!
[Hewish et al. 1968]



Dispersion
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Dispersion : PSR B0809+74

Channel Number
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PSR B0809+74 (UTR-2)

Pulse phase (periods)

between 1410 & 1400 MHz (DM=5.8): 0.2 ms
between 150 & 140 MHz (DM=5.8): 0.2 s
between 24 & 14 MHz (DM=5.8): 81 s



The dispersion measure

-Crab nebula
e T i g

At(f) = 4.15x103DM f—2

DM is large for distant
source

DM is large for pulsars
surrounded by ionized
medium (SNR)

PSRCAT plot (Catalogue v1.56)
http atnf.csiro.au/research/pulsar/psrca

d=2 kpc, a=3 pc




Incoherent dedispersion

dispersion can be corrected




Incoherent dedispersion

dispersion can be corrected




Incoherent dedispersion

dispersion can be corrected




Incoherent dedispersion

Radio frequency
Continuous band

Amplitude
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Pulse phase

problem 1: integrated profile widens— less precision for timing



Incoherent dedispersion

NO SCINTILLATION SCINTILLATION

pulsar is only partly present
in the channel bandwidth

. . & | time of arrival
time of arrival

" systematics on time of arrival

problem 2: in the case of scintillation, the integrated profile shifts!



dedispersion

NUMERICAL COHERENT DE-DISPERSION

2 complex polarizations

* FFT + inverse filter + FFT?
* computationally (much!) more
expensive

* avoids the problems of incoherent
|

dedispersion
* routinely used since ~2000

cgls uisiti %
-
| — for pulsar timing, use
| WAL dedispersion whenever possible!
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Interstellar medium: variations

© Mark A. Garlick
space-art.co.uk

radio telescope



DM variations
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DM variations

* has to be taken into account in timing!
* one DM per observation!

* = |ess precision on DM and profiles

* - |less precision on TOAs

one possible solution:

include low-frequency observations (simultaneous!)—» DM

use this DM to correct high-frequency observations

* but: low- and high-frequency radio waves on the same path?
[= frequency-dependent DM?7]

* active field of research!

[Cordes et al. 2016]
[Cordes et al. 2016]



* Pulsar timing

* Dispersion

e Scintillation



Scattering (scatter broadening)

turbulent ISM
sheet

spatially
coherent
radiation




Scattering (scatter broadening)

turbulent ISM
sheet

spatially
coherent
radiation




Scattering

observed profile
intrinsic profile

scatter broadening
channel dispersion

instrument

[Ramachandran et al. 1997]



Scattering

observed profile
intrinsic profile
scatter broadening
channel dispersion
Instraient
rectangular
s(d::exp(—ffraj

~gaussian
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Scattering
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Time variable scattering

* time-independent scattering can be (partially) corrected
* broader profiles — less precision on TOAs

- variations in the ISM - time dependent scatter broadening T_(t)
* reduces precision of TOAs

Crab Pulsar, Scatter and DM changes

8

53 600 53700 53800 53900 54000 54100 54200 54300 54400 54500 54600
MJD

[Kuzmin et al. 2008]




* Pulsar timing
* Dispersion

* Scattering



Propagation et turbulence

randomly
. distorted .
spatially wavefronts time-

coherent dependent
radiation diffraction
pattern

turbulent
plasma

(ISM)




Propagation et turbulence

spatially
coherent
radiation

turbulent
plasma

randomly
distorted
wavefronts time-
dependent
diffraction
pattern
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Scintiallation

* time-dependent
* time-dependent profiles — less precise TOAs
* scintillation is difficult to correct (cyclic spectroscopy?)



* Pulsar timing
* Dispersion

* Scattering

e Scintillation




Propagation et turbulence

* some pulsars are more suited for timing than others!
sharp profiles
small PO, small P1
DM(t)=const, t_(t)=const

- know your pulsar!

* [ISM will make timing more difficult, but not impossible
* some of the effects can be corrected at least partially

* this also allows to study the [ISM!
“Some people’s noise is other people’s data”!
(e.g. mapping of the IISM)

— study the [ISM!
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