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What is a Pulsar?

- Rapidly rotating Neutron Stars

« Radius ~ 10 km, mass ~ 1.4 solar mass

- central densities: order of a billion tons / cm?3

« Highly magnetized (108 ~ 10%* Gauss)
- emit steep spectrum radio emission aligned
open

with B-field axis

« Misalignment of rotational and 3-axes - pulsing
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—> many astrophysical applications!

Large mass - consequent rotational stability - accurate clocks
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Motivations — Why search for pulsars?

Population
census & stellar

Exotic objects: NS-BH binaries, _
evolution

Planetary Systems, Glitches, RRATSs,
magnetars ...

S——

>tool for fundamen®l physics, e.g. \
Pulsar Timing Array)PTA), test of GK




Standard search - Sample pipeline

MPIE-Bonn Pulsar Group

Take the data




Standard search - Sample pipeline

MPIE-Bonn Pulsar Group

Take the data
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Dedisperse RFI
. removal
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Standard search - Sample pipeline

MPIE-Bonn Pulsar Group

-ti! Take the data

Sift & fold |, Store 30 FFT & Remove |
candidates candidates &= harmonic ¢= ﬂ DedlsperseH RFI

summing | | &cceleration removal




Standard search - Sample pipeline

MPIE-Bonn Pulsar Group

-ti! Take the data
FFT & l’

Sift & fold Store 30 : R A :
: <z _ &= harmonic <= emove Dedisperse RF
candidates candidates SUMMing acceleration removal

New
acceleration
trial

New Dispersion
Measure (DM) trial




Previous survey - PMPS

« commenced in 1997, completed in 2003

« 20-cm Multi-beam receiver




revious survey -

. cOmmenced in 1997, completed in 2003

« 20-cm Multi-beam receiver

« Discoveries:

~ 60% of all PSR known, 6 DNSs, Double-PSR (from sister
survey), first RRATs ...




I'EVIOUS survey - !‘Ul!!

. cOmmenced in 1997, completed in 2003

« 20-cm Multi-beam receiver

« Discoveries:

~ 60% of all PSR known, 6 DNSs, Double-PSR (from sister
survey), first RRATs ...

Limitations:
4 \

« Modest sampling time (250us) o | \

. Low freq resolution (3MHz) JEAN \smeag

— dispersion smearing & low time resolution
— miss high DM MSPs
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« Only Southern Hemisphere j
— |atitude > 38°N virtually unsearched TN T Time
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Speciications ! HTRU

Telescope: Effelsberg-100m Parkes-64m

Integration time: Low-lat: 1500 s Low-lat: 4300 s
Mid-lat: 180 s Mid-lat: 540 s
High-lat: 90 s High-lat: 270 s i
4P 8 U 0 0 A :
Backend: Pulsar Fast Fourier Transform  Berkeley-Parkes-Swinburne ,u_‘. " '.mmm
Spectrometer (PFFTS) Recorder (BPSR) ———————————— ¥
No. of channels: 512 1024
Time resolution: 54 us 64 us
Data sizes: ~ 5 petabytes ~ 1 petabyte

New 7-beam 21-cm primary focus receiver
at Effelsberg
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No. of channels: 512 1024
Time resolution: 54 us 64 us v
No.skypoinings:  -180000 43000
Data sizes: ~ 5 petabytes ~ 1 petabyte

High time & freq resolution previously unachievable

— transient sky on timescale down to 10s of ys \
. . . . . New 7-beam 21-cm primary focus receiver
— Higher freq resolution for negation of IS dispersion at Effelsberg
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HTRU Observing Strategy

To optimise pointing times for different regions of the Galaxy, the survey will

be split into 3 distinct observing regions:

. High-lat (|b| > 15°):

— sub-millisecond PSRs and transients

« Mid-lat (3.5°< |b| < 15°):
— Survey for MSPs as timing array sources

— large number of MSPs separated by variety of angular distances

» Galactic plane (|b] < 3.5°).
— Deep survey - longest observation per pointing

— ultimate goal: discovery of PSR-BH binaries
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Current Survey Status

HTRU-North:
. Effelsberg pilot observations in 2009

- System tests by observing unidentified
Fermi point sources

—> Jan 2010 Effelsberg’s first ever MSP

Galactic Latitude

- Survey observations underway & data
processing just begun in last few months

HTRU-South:
« > 95% mid-lat & >30% high-lat been observed

« Currently 88 pulsars discoveries
- 15 new MSPs, 5 at high DMs

. First low-lat observation >12% observed

=

Galactic Longitude




Data processing: Computational power challenges
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Data processing: Computational power challenges

Parkes low-lat (7Omin deep pointings).observation:

Size of 1 raw filterbank data file: 17Gb

Number of pointings (Npgintings) = 1230
Number of beams = 13
— Total raw data: Sg = 17GDb X Npgam X Nigintings = 265Tb !
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Data processing: Computational power challenges

Parkes low-lat (7Omin deep pointings).observation:

" Size of 1 raw filterbank data file: 17Gb

- Number of pointings (Nginings) = 1230

- Number of beams = 13

— Total raw data: Sg = 17GDb X Npgam X Nigintings = 265Tb !

- Size of 1 time series ~ 65Mb
-~ 1350 dispersion measure (DM) trials each - 65Mb x 1350 ~ 85Gb
— Total time series: Sy, = 85Gb X Npgam X Npgintings >1Pb !




Data processing: Computational power challenges

Parkes low-lat (7Omin deep pointings).observation:

" Size of 1 raw filterbank data file: 17Gb

- Number of pointings (Nginings) = 1230

- Number of beams = 13

— Total raw data: Sg = 17GDb X Npgam X Nigintings = 265Tb !

-t

- _Size of 1 time series ~ 65Mb
-~ 1350 dispersion measure (DM) trials each - 65Mb x 1350 ~ 85Gb
— Total time series: Sy, = 85Gb X Npgam X Npgintings >1Pb !

- ~Time needed for 1 beam standard search on 1 computer ~ 3 days
- Total time for analyzing all data:

 Tigtar = 3 days X Npgam X Nyointings ~ 131 years !
.35




Einstein@Home
~ 200000 CPUs

i

HYDRA Pulsar Searching
[’

R 1 i = Cluster
‘ulJl‘;V R i . ~ 1200 CPUs

Image credit: The University of Manchester

Hannover ATLAS computer cluster
~ 8000 CPU




« 122 processed beams
16085 candidates
* Plot here: SNR vs Period




122 processed beams

16085 candidates

Plot here: SNR vs Period
Re-detection of known pulsars
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Data processing: 2 New Pulsars!

New Pulsar 1: J1838-0106

G029.8+01.9: 2011-01-04-02:12:53-13.fil_001-p0.44442453189-dm271.9015.ar2 File: PMO132_05971dot RAA: 18:38:31.7 DecA: -01:00:45. GI:  30.557 Gb: 2.409 Dcte: 00112
BC P(ms)= 444.426402996 TC P(ms)= 444.424531890 DM= 271.901 RAJ= 18:38:49.56 DecJ= —1:06:02.2 Cantra freq. {fiz): = = 22986087 - Centre period (me): £ 1445217443 Canire DM:¢ | 205.80

BC MID = 55565.112790 Centre freq(MHz) = 1382.000 Bondwidth(MHz) = —400 | = 30.513 b = 2.303 File stort (bles): 1 Blks skipped: O Blks reos: 2051 Bik length (s) 1.02400

N8in = 128 NChon = 16 NSub = 16 TBin(ms) = 3.472 TSub(s) = 270.402 TSpen(s) = 4326.220 Tsamp, {ma): 02300 ; Fren1: 1 1516.5000. DM factor:. 1.0 FOR Go131512

P(us): offset = 0.00000, step = 0.35668, renge = 5.70659 DV: offset = 0.000, slep = 3.030, renge = 100.000 Ref Mde 1889, 14707, - BU, Ref, MJD: 5186914501
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Data processing: 2 New Pulsars!

New Pulsar 1: J1838-0106 «  Tobs(HTRU) ~ 70 min ~ 2 x Tobs(PM)

6029.8+01.9: 2011-01-04-02:12:53—13.fi_001—p0.44442453189-dm271.9015.ar2 ° Expected SN (HTRU) > at Ieast \/2 X SN (PM)
BC P(ms)= 444.426402996 TC P(ms)= 444.424531890 DM= 271.901 RAJ= 18:38:49.56 DecJ= —1:06:02.2
BC MID = 55565.112790 Centre freq(MHz) = 1382.000 Bondwidth(MHz) = —400 | = 30.513 b = 2.303
NBin = 128 NChan = 16 NSub = 16 TBin(ms) = 3.472 TSub(s) = 270.402 TSpen(s) = 4326.220 T
P(us): offset = 0.00000, step = 0.35668, renge = 5.70659 DV: offset = 0.000, slep = 3.030, renge = 100.000 Ref Mde 1889, 14707, - BU, Ref, MJD: 5186914501
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Data processing: 2 New Pulsars!

New Pulsar 2: J1734-3100

G356.5+00.9: 2011-01-03-21:19:26-05.1i_001—p0.54126978481 —dm?258.4354.0r2

BC P(ms)= 541.287370397 TC P(ms)= 541.269784810 DM= 258,435 RAJ= 17:34:54,12 Decd= —31:00:15.2

BC MID = 55564.908894 Centre freg(MHz) = 1382.000 Bondwidth(MHz) = —400 | = 357.015 b = 0.869

NBin 128 NChan 16 NSub 16 TBin{ms) 4.229 TSub(s) 270.008 TSpan(s) 4319.789

P{us): offset 0.00000, step 0.52985, ronge 8.47697 DM: offset 0.000, step 3.030, ronge 100.000
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Centre freq. {Hz): 1.84752755 Centre period (ms): 541.26391707 Centre DM: 261.50
File start (blks): 1 Blks skipped: 0 Blks read: 2051 Blk length (s) 1.02400
Tsamp (ms): 0.2500 Frch1: 1516.5000 DM factor: 1.0 PSR G4987504

Ref MJD: 50823.13503 BC Ref MJD: 50823.14273
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RFI mitigation

« RFl is terrestrial in origin (DM=0 cm=3 pc)
— not travelled through ISM
— signals not dispersed across bandwidth

— power peak at DM=0 cm pc

. Increasingly deteriorating RFI environmen

— RFI mitigation crucial

« RFI shows up in many beams (say >3)

Celestial sources only appear in 1 beam (or if strong, up to say 2 beams)

=> RFI mitigation algorithm:
If (DM==0) && (no_beam >3))

15 4‘




HTRU Challenges: RFI mitigation (Time and freq channel)

600 ' "0E_ 000103 charme T p1s e 51 G100 -

. Step 1: time-domain RFI

— remove impulsive RFI
— apply zap mask generated during observation

— replace with noise

Channels

« Step 2: frequency-domain RFI
— Remove “static” (always bad) filterbank channels
- eXCise Channels Wlth EeXcess power 0 200000 400000 600000 800000 let)f 1, Zet(B .4e+C

Sample number

— search each channel for excess power
— remove contaminated channels

« Step 3: fourier-domain RFI

— look into Fourier space
— remove periodic, RFI with multi-beam occurrence (“birdies” )




HTRU Challenges: RFI mitigation (Fourier space)

Parkes deep pointing (Tobs=4300 sec)
Central beam (beam 01)

- Dispersion measure (DM) =0

- Harmonic fold = 1

- Zoomed in fourier freq range 0 — 465 Hz

1200 +
100

308

Power

Frequency (Hz)

Black: Time-domain only

Black: Time-domain only
Green: Time+Freq

Black: Time-domain only
Green: Time+Freqg+Fourier (fixed birdies]

Black: Time-domain only

Green: Time+Freg+Fourier (empirical MB

biirdies)

RFI—{




HTRU Challenges: RFI mitigation (Fourier space)

Parkes deep pointing (Tobs=4300 sec)

- Central beam (beam 01)

Dispersion measure (DM) =0

Harmonic fold = 1

Zoomed in fourier freq range 0 — 465 Hz

Black: Time-domain only Sl

J200
100 -
30,

o —t—¢

Black: Time-domain only
200 - Green: Time+Freq

Power

Black: Time-domain only
oo [~ Green: Time+Freqg+Fourier (fixed birdies]

Black: Time-domain only
Per Green: Time+Freq+Fourier (empirical MB
I ' biirdies)

Frequency (Hz)

* Changing RFI environment.
* Fixed birdies list inadequate.
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Conclusion

HTRU-South galactic plane (low-lat) deep-pointings
processing commenced with Hydra computer cluster
since June 2011

~ 150 beams processed (~ 1% of all low-lat beams)
2 New Pulsars discovered

Current work: better RFI mitigation

Next stage: develop new algorithms for binary search

Thank you
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