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Outline

* What are pulsars?
« What are the requirements for instrumentation/observing strategy?

« Coherent versus Incoherent Dedispersion
« Searching for pulsars

* Timing pulsars

 Other types of pulsar observing

Other pulsary goodness this week:
 Pulsar tutorial: Finding and timing a millisecond pulsar

* Thursday: George Hobbs will Detail the Scientific Motivations for
Pulsar Timing

)
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Pulsar radiation is pulsed

 Periodicity of the emission: rotation
period of neutron star

» Spin period for radio-bright neutron
stars Tmsto 10 s

« Emission region: located near
magnetic pole of star

Single pulses from PSR B0834+06

¥ 2004 The Trustees of Amherst College. www.amherst.edu/
rQsgreenstein/ progs/anéma tions/ pulsar_beacon/
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Pulsar radiation is pulsed

 Periodicity of the emission: rotation

period of neutron star

» Spin period for radio-bright neutron

stars 1T msto 10 s

« Emission region: located near
magnetic pole of star

& 2004 The Trustees of Amherst College. www.amherst.edu/
rQsgreenstein/ progs/anéma tions/ pulsar_beacon/
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Pulsar radiation is periodically pulsed

« Each pulsar has a unique
fingerprint (pulse profile —_—
gPuIF;ed e(ﬁissionF;veragis =
towards a standard that is =
usually statistically identical at all ——
observing epochs = i~
» If the profile stays the same, we =
can very gccurately track the e
rotation history of the pulsars @gf:
* Precision pulsar timing: most :%REE
powerful use of pulsars (next to ﬁ*@,—;
CMB, the most powerful use of e
any form of astrophysical = ————
radiation)

)
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Pulsars have unique Period and Period derivatives

* Two fundamental
observables of pulsars
* Period
* Period derivative

 Tells the story of pulsars

» With a splash of
observational bias
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cycled
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« Estimate other properties
based on P and Pdot.

« Age (103 —=10°yr)

log Period derivative (s s)
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Pulsar radiation Is erratic

» Single pulses vary in shape

« Some pulsars show ultra- ——
bright giant pulses -

« Some pulsars occasionally 2
miss pulses (nulling)

<
w
=]

FREQUENCY (MHz)
&
(3]
T

« Some pulsars only _ “-";4.4(1
occasionally emit pulses  **[ b 1
(rotating radio transients ., (' ‘ ‘ -
RRA TS) ;{ic 50 : Dispersed Pulse Crab Nebula 3

ok ; ) ~5=0 = 100 —
TIME (ms)

» Bottom line: need a variety of
data sets and detection tools
to get a full census of pulsars

Bhat et. al. 2006

G

Ryan Shannon, Pulsar Observations @ Parkes Radio School CsirRo



Pulsar radiation is dispersed

« Warm plasma in the ISM is
refractive, and the index of
refraction depends on RF.

« At higher frequencies pulsed
emission arrive earlier

 Level of dispersion depends on
total column density along the line
of sight (Dispersion measure DM).

» Dispersion is an excellent
discriminator

 Allows us to distinguish pulsars
from RFI (radar, microwaves, guitar
hero)

» Corollary: Pulsars can be used to
study ISM and Galactic Structure

Ryan Shannon, Pulsar Observations @ Parkes Radio School
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Pulsar radiation is polarised

* Origin for polarisation:
High magnetic fields.
 As pulsar rotates, the
orientation of the dipole
changes with respect to
the line of sight

» “Rotating Vector
Model”: works well for
some pulsars, but not
others

 Corollary: To get a good
estimate of the pulse
profile, we need to have
well behaved receivers
(or good models of how
“bad” our receiver are).

Ryan Shannon, Pulsar Observations @ Parkes Radio School
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Pulsar radiation is polarised

" 'B0O525+21 -
1418 MHz

- L g
* Origin for polarisation: -

High magnetic fields.

 As pulsar rotates, the
orientation of the dipole
changes with respect to
the line of sight

» “Rotating Vector
Model”: works well for
some pulsars, but not

Intensity [Jy]
0.5

0

200

Position Angle, ¥ [deg]
100

others o
» Corollary: To get a good e e | '
estimate of the pulse S T . R
profile, we need to have o bttt e . e a
well behaved receivers 3.0 - vt
(or good models of how T ‘ o
“bad” our receiver are). L = T B

Longitude, ¢ [deg]

Everett & Weisberg (2001) '“m’
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Pulsar Radiation is Multi-wavelength

* Non-thermal emission observed across entire EM spectrum

« Some pulsars are prodigious producers of gamma-ray emission.
* Not going to talk about it more in this lecture

radio

- x-ray

gamma-ray
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of 10 since the launch of the Fermi space telescope.
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 The number of high energy pulsars has grown by a factor
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Dynamic Spectra: Pulsar Radiation as a Function

of Frequency and Time

Rotation 1 Rotation 2
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Dedispersed time series 2“"',

It is necessary to remove the effect of dispersion
1) Increase SNR to detect pulsar; and
2) Best study pulsar ‘“ml’
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Two Methods for Dedispersion

Need to remove the effect of interstellar propagation before analysing
data, e.g. dedisperse the data

Coherent:

« operates on the voltage proportional to the electric field
accepted by the antenna, feed and receiver

« computationally intensive because it requires sampling at the
rate of the total bandwidth

» Exactly removes effect of dispersion

Post-detection (incoherent):
 operates on intensity = |voltage|?
« computationally less demanding
e an approximation

)
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Maths of the Coherent Dedispersion Technique

Dispersion delay in the time domain causes a phase perturbation of the
electric field in the Fourier domain:

—

—F ik

Emeasured (W) = Eemitted(w)e€' (w)z

Coherent dedispersion involves multiplication of Fourier amplitudes by
the inverse function,

o—1k(w)z
For the non-uniform ISM, we have

k(w)z — [dzk(w) x w? DM 4+ constant

which is known to high precision for known pulsars.

The algorithm consists of .
IFFT{FFT [Emeasured (D]XG_IK(W}Z} ~ Eemitted (t>
Application requires very fast sampling to achieve usable bandwidths.

)
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Dispersed Pulse Coherently dedispersed pulse
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Post-detection Dedispersion:
Sum intensity over frequency after correcting for dispersion

delay

DM = 200 pc cm™2 Dedispersion with 16 c¢hannels
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Residual time smearing:
1/2
At = |At3), + (1/Av)2

—1/2
= [(a&av)2 + (Av)~2| /
— minimum smearing time
across a channel when

_31—1/2
Av = 8.3 usDMv—3
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Example of different types of backends

Examples of fast-dump spectrometers:
*Analogue filter banks
*Correlators
*FFT (hardware)
*FFT (software)
*Polyphase filter bank
Examples: AFB, DFB, WAPP

Coherent Dedispersion — done in
software (on CPU or GPU)

*Example APSR, CASPSR, GUPPI

Flux

PSR B1937+21, 1500 MHz, GBT/GUPPI

T
\ Incoherent
fl Coherent

\ J
it ’ S ANt e N NSNS PR o A o ittt P

OI.2 OI.4 Ol.6 OI.8 al
Pulse phase (turns)
Above: Comparison of
Coherent and Incoherent

Dedispersion (from Paul
Demorest).

Left: Giant pulses from the
Crab Pulsar show structure
temporally unresolved at the
2 ns level (emitting region
60cm in size)! ‘Imu’

CSIRO



Searching for Pulsars: Flow Chart

Searching normally
conducted in total
intensity (sensitivity/
computation

PULSAR SEARCHING

limitations) DEDISPERSE
MATCHED FILTERS FFT
! v
THRESHOLD TESTS HARMONIC SUM
' Y
SINGLE PULSE
e THRESHOLD TESTS
Searching always done FOLD
with incoherent
dedispersion l
CANDIDATE LISTS

& PROFILES

It v)

(DM; , =1.Npn }
I(t, DM)

(Remap t for aceelemtion search)

I<E, DM)
((nterbinning, sideband search)

1(f;.DM, N, )

(fo, DM, Nyz 13 oy,



1" What is a Harmonic Sum?

The FFT of a periodic pulse train is a series of spikes (harmonics) separated by 1/P.

To improve S/N in FFT search, sum harmonics.

The number of harmonics depends on the pulse “duty cycle” = (pulse width / P) (unknown
a priori) = need to use trial values of N,,.

1/p Oh
h(Np) = N 2250

=1

FFT(j) |
FFT(O) Sum over harmonics

Noise and RFI conspire to yield spurious candidates.  Smin; = M X Oradiometer
. Need a high threshold. m = 10

Smin = h(Np)

W
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Example Time Series and Power Spectrum for a

DM =0 pc cm-3

P2099.J1806+0749. wapp1.535628.0015+ 430.00

Pulsar discovery

Time Series
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Example Time Series and Power Spectrum for a PALFA

DM =0 pc cm-3

P2099.J1806+0749. wapp1.535628.0015+ 430.00

discovery

Time Series
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Example Time Series and Power Spectrum for a PALFA
discovery

DM = 0 pc cm3 Time Series

P2099.J1806+0749. wapp1.535628.0015+ 430.00

DM = 217 pc cm3

wappl.563528.0015+ 430.000000 MHz DM = 217.78 pe/em**3
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Dealing With Orbital Motion

rbital acceleration yields a time-dependent period, potentially
estroying the power of the straightforward FFT + Harmonic Search.

One of the holy grails of pulsar astronomy: pulsar-BH in compact
inary orbits

 Long-period binaries: T = data span length << P,

* Do nothing different

- Intermediate-period orbits: T < 0.1 P,

» Acceleration search: compensate the time domain or match filter in
the frequency domain according to an acceleration parameter

Very short period orbits: T > P, (potentially >> P_,,)

Do conventional FFT but search for orbital sidebands
« Talk to Dan Thornton (PhD student Manchester)

)
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Single Pulse Searches

Use matched filter?

» Search for box-car shaped
bursts in de-dispersed time
series

» Types of sources detectable
in single pulse searches

» Giant pulse emission?
» Extragalactic bursts?

* RRATSs (rotating radio
transients)

 Pulsars that emit particularly
“spiky” emission

Ryan Shannon, Pulsar Observations @ Parkes Radio School

(a)

Time (ms)

1360 1380 1400 1420 1440
Frequency (MHz)

Example of bursty emission
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Single Pulse Searches

(a)

Use matched filter?

» Search for box-car shaped
bursts in de-dispersed time
series

» Types of sources detectable
in single pulse searches

» Giant pulse emission?
» Extragalactic bursts?

* RRATSs (rotating radio
transients)

 Pulsars that emit particularly
“spiky” emission

Time (ms)

1360 1380 1400 1420 1440
Frequency (MHz)

)
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Example: Single Pulse Search

Use a matched filter template
to search for dispersed
pulses.

Plot event SNR versus DM

DM (pc cm9)

If observe multiple events at
same dispersion measure
(from the same position in the
sky) you have confidently
detected object.

Time (s)

Size of circle denotes event signficance.
McLaughlin et al. (2006)
)

CSIRO
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Pulsar Timing: The Basics of Pulsars as Clocks

P_’ﬁ - ’ﬁ

Stack M pulses (M=1000s) \
Time-tag using template fitting

-
-_TOA—|—5TOA i /LW
0TOA ~ S/—N ~ 0.1 ustolms

Repeat for L epochs spanning N=T/P spin periods (T=years)
N ~ 108 — 10 cycles in one year
Period determined to 0F ~ % ~ 10710 to 1071% s

« BI1937+21: P=0.0015578064924327+0.0000000000000004 s

[

« J1909-3744: eccentricity < 0.00000013 (Jacoby et al. 2006)

/ 26 May 201 Ryan Shannon, Pulsar Observations @ Parkes Radio School UWaShington
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Matched Filtering (Template Fitting)

» Optimal Estimation of Arrival Time

» Cross correlate U(t) with T(t) and find the lag of maximum
correlation

+ Cyr(1) = UW)*T(t+1) = aCrr(T-ty) + T(t+1)*n(t)
* Cy1(1) maximizes at 1,,,=t; in the mean
« ErrorinT__ is due solely to n(t)

max

o
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Realities of Matched Filtering (Template Fitting)

Easier to find 1., in the Fourier domain (sampling issues)
» delay in time €=» phase slope in Fourier transform

If shape of U(t) # shape of T(t), there are additional errors in the
TOA estimate

« this is the real situation with pulsar signals

 Examples:
 finite number of pulses summed = errors (“self noise”)
* pulsar shapes do not converge exactly to the same shape

Ryan Shannon, Pulsar Observations @ Parkes Radio School zﬂ'“



Narrow Pulse with Too—narrow Template

1 | to \ | —

Template

O I [ | [ } I | \‘ I [ } [ I { [ | [ I 1
0 <00 400 600 800 1000
Time (samples)

It is important to
have a the correct
template.

If the template is
incorrect, then

you will make a I T R B R R R R

poor estimate of 0 200 400 600 800 1000
the TOA (and also

have a poor

estimate of the
TOA error) I ; i

Pulse

|II|I|\I‘|
IIIIIIlIlI

Time (samples)

~—

Lag (samples
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Narrow Pulse

1 [ T T T | T T | T T T T ]

Template

O - I I I I I | | I I I I I I | I I I | I I
0 200 400 600 800 1000
Time (samples)

It is important to
have a the correct
template. 1 |

If the template is
incorrect, then

you Wi” make a | | | | I | | | | 1 | I | | | | |

poor estimate of 0 200 400 600 800 10
the TOA (and also

have a poor

estimate of the
TOA error)
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IIIIIIIII
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Lag (samples)



Narrow Pulse with Wide Template

1 [ T T | T | T T | T T | T T ]

Template

400 600 800 1000
Time (samples)

I I

It is important to
have a the correct
template ' ' ' ' T ' ' T T T T I

If the template is
incorrect, then

you Wi” make a | | | | I | | | | 1 | I | | | | |

poor estimate of 0 200 400 600 800 10
the TOA (and also

have a poor

estimate of the
TOA error) i | | 1
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Example 1. Forming Calibrated Pulse Profile

* Need to form Stokes
parameters as a function of
pulse phase

 Calibrate for gain and phase
variations between feeds
* Inject non-polarised or polarised
signal into feed

* Observe non-polarised
astronomical source to calibrate
the injected signal

 Calibrate ellipticity of the feeds
» Track polarized source as a

function of parallactic angle T T
* These calibration observations Parallactic Angle (degrees)

are done at Parkes every ~ 3-6

months (happening this Week) Observed Stokes Parameters as a

Function of Parallactic Angle (van
Straten 2004).

G
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0.1 0.6

|

| Template | | ]

Arecibo
Observation of
MSP J1713+0747
at L-band (~1400
MHz).

. A~~~
Three consecutive v

10 second =
integrations show —
broadband
systematic
variations, not

just uncorrelated
radiometer error:
pulse jitter.

Example 2: Pulse Shape Variations
Even after averaging 10000 pulses

Frequency (MHz)

Pulse Phase
0.1 0.6 0.1 0.6 0.1 0.6
2 ms
3 W*Mwmm”%“ i
EF __EijE\JE’] EIJEFEIJEI]EDmmmmq]EIJ_ _
Eij E~3E~]E~]E11Eijti]¢[pmmmmmq]¢
1380 1420 1380 1420 1380 1420



Summary to this point

* Find a pulsar
» Determine a pulse time of arrival

* Next step: time the pulsar

)
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What influences pulsar arrival times?

t, =t — D/c? Path length [
2
+ DMy Plasma dispersion (ISM)
+ Ago * Ago + Age
- Ag - Ag - Ag Solar system (Roemer, Einstein,
+ 0TOA gy Shapiro)
+ 6TOAO bit noise :
o ner Binary pulsar (R,E,S delays
+ 6TOASpin noise y p ( y )
+0TOA .y waves  ISM scattering fluctuations
+ ...

Orbital perturbations
Intrinsic spin (torque) noise

Gravitational wave backgrounds

)
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What influences pulse arrival times?

 Pulsar spindown Pulsar

» Stochastic spindown variations

* Intrinsic variation in shape and/ = |
or phase of emitted pulse (jitter) : =A%

+ Reflex Motion from companions I v —
o =— "
» Gravitational Waves ——
= —

» Pulsar position, proper motion, iy - | ———— ‘

distance —————

1 1
0.5 0.6
Phase

» Warm electrons in the ISM

O. Lohmer et al.: Frequency evoluti

» Solar system

* Mass of planets (Champion et
al. 2010)
 Location of solar system
barycentre
Goal: including as many of the Earth

perturbations as possible in timing
model.
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No Spindown

Relative Day

RA off by 1”

Relative Amplitudes of
Contributions

Simulated TOAs for MSP
J1713+0747

Proper motion off by 1 mas/yr

Relative Day

Parallax off by 1 mas




Konacki & Wolszczan (2004):
Three planets around MSP
B1257+12: 4.3 My,

3.9 M, and 0.02 M,

- - ! [ R | i | N . ‘ R Al HEN
Massive (white dwarf) NN RN IBRARENRNN
companion W i |

Relative Day




“ Example: What pulsar residuals ought to look like: PSR B1855+09

T ! ! ! ! l | l
6
o
O
o
)
=
4
1986 Year
The Residuals are quite white! (Time series from D. Nice) 4||m|D
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Example: What Residuals from Most Pulsars Look Like

40 ||

—

=

< L

O |

-

q |

50 i
Time (yr) 18

)
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Other types of Pulsar Observations

T T T T T T T T

I Chatter;j t al. (2005
° VLBI para”ax’ proper mOtIOﬂ atterjee et al. ( ) "

[ JD 52452 |
 Pulsar distance: j / j

* NS Population model ’ /
» Luminosity (particularly for high energy E L

emission)

» Constrain Galactic electron density
model/ Galactic structure

ADec (mas)
o
T
|

» Pulsar velocity: High velocity some > /ém S ,:
1000 km/s (escape the Galaxy) a4 (ma) ”

» Physics of supernvova explosions L S S
0.55— B -

« Synthesis imaging: Pulsar :
environment / Pulsar wind nebulae |
(PWN)

* Interactions between pulsar wind and ‘

the ISM produce synchrotron
emission
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Other types of Pulsar Observations

« VLBI: parallax, proper motion

* Pulsar distance: Pulsar shooting out of SNR!
* NS Population model

* Luminosity (particularly for high energy

emission) RA (32000)
« Constrain Galactic electron density (€) 13om  Fo ol M S e g
model/ Galactic structure 8000 I MR
03' :_J'” | : 1 é
 Pulsar velocity: High velocity some > g 08" [N 2, O S T ]
1000 km/s (escape the Galaxy) S oo i i ] |
« Physics of supernvova explosions A - B e ceel E
* Synthesis imaging: Pulsar % b e N
environment / Pulsar wind nebulae 14°3970°  30° 3870° 30° 3770°

(PWN)

* Interactions between pulsar wind and
the ISM produce synchrotron
emission

Ng et al. (2011)
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Summary

» Unique radio instrumentation is
required to observed pulsars.

« For searching, incoherently
dedispersed time series are
searched for periodic signals and
bursts using an arsenal of
techniques.

» For timing observations,
incoherently or coherently
dedispersed time series are folded
and calibrated to produce average
pulse profiles that are correlated
with a template to obtain a time of
arrival that is used in timing
analysis.

Photo: Mike Keith

* Thank you!

(w
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Example Receiving System
A410/A520 L-band Receiver =

On Roof In 6" floor lab
IF,=50 MHz
BW=10 MHz Rackmount PC (jobim)
RF 0-41d8 ) 1L.Q FE )
| Echotek || gata || FFT || ZIFFTI
| BPF ——p < —» BPF —» A )—| .. | GC314-PCI
. 'y ‘ T \ Digital v
RF=1420 MHz T IF,=260 MHz Receiver : \
BW=114 MHz BW=100 MHz Q
1“ LO 2nd LO
? ¢ Clock
90 MHz nominal

. 1= Frequency Conversion:

N0 Ir A .

1420 MHz -1160 MHz 260 MHz 2580 MHz

Before Down conversion Signal After First LO '“m’
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Survey Selection Against Binaries

DC=0.03¢ P=0.0200 T=12000 M,=1.4 P_,=2.0000 sin i=0.5000 ¢=0.7854

NS-NS binary

g E
a C .
Bas | E
B E il i .~ 1. .1 Pulse shape
a.z2 a.4
EE C ! T T T 3
(3] — - ]
R ] Phase perturbation
s 0.8 F 3
a  f - —— ]
ﬁ g = 1 1 | 1 ——
1040d
_ 1 ? | | I“ﬂl | E
Eas F| N T T e m— FFT harmonics
o B [\J Tm' i :
a 10 24 3a
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ég 2 ;‘_J_I_r_rJ—J—;—*_r_r_ % .
. 3 Harmonic Sum
u :I 1 1 I 1 L 1 1 I 1 1 1 L I :

10 24 3a
Number of Terms in Harmonic Sum (N,)

[a]

G

CSIRO

Ryan Shannon, Pulsar Observations @ Parkes Radio School



G

Ryan Shannon, Pulsar Observations @ Parkes Radio School CsirRo




Frequency

\ . I(v, 1)
\ ‘ lc,)rr(t) = Q(v, 1)
k U(y,t)

‘ I|,I’(V7 t)
V(v,t)

---- ‘.")Q/N
.
* L 2
& .

= | Arrival time : Polarization Scintillation
" | Analysis Studies

v
.......

I(v,t = I(DM,t) = I(DM,f)
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