The SMART pulsar survey
‘\ its role in the SKA era
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ABOVE: An artist’s impression of one of 256 tiles of the Murchison
Widefield Array radio telescope observing a pulsar - a dense and

rapidly spinning neutron star sending radio waves into the cosmos.
CREDIT: Dilpreet Kaur / ICRAR / Curtin University.
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9 The Southern-sky VIWA Rapid Two-metre (SVIART) Survey
—/

@AR

Leverages the MWA’s large Field of View (FoV), the voltage capture
system (VCS), and the compact configuration of the Phase II array

Right Ascension
13"00™ 12"30™ 12"00™ 11"30™ 11"00™ 10"30™

« Large FoV (~610 deg? at 150 MHz) and the VCS s
recording = a survey speed of ~450 deg? hour! 13"30m

« First southern-sky pulsar survey in the frequency
band of SKA-Low

* Data collection completed! 4 PB of VCS (voltage) 14"00"
data from five dedicated campaigns (2018-2023) : : | oo

Declination

Right Ascension

0.0 0.2 0.4 0.6 0.8 1.0
Sensitivity relative to best possible

(Bhat et al. 2023a/b, PASA, 40, e020/e021)

s ¢ Frequency band: 140-170 MHz
AN + Recording at 100-11s and 10-kHz resolutions
+ Long dwell times (4800 second per pointing)

» Tied-array beam size ~23 arcminutes

Declination

* B6000-8000 beams per each observation

S e - MW * 600,000 tied-array beams for the full survey
Right Sscension * 100 hours to cover the full sky south of +30°

+ Large Data rate: 42 - 84 TB per observation 2

-75°




f\
CR

ICRAR) Why search for more pulsars?
&

Pulsars & gravity is a key science

Populations for the SKA; and conducting a full
» Neutron Stars, Supernovae, Massive Stars Galactic census is high priority
* Binaries, Milisecond Pulsars (MSPs) science objective for the SKA

Exotic Systems
* Triple Systems
* Double Pulsar, Pulsar-BH
* Double Neutron Stars (DNSSs)

" Extreme magnetic fields

Clocks

« Time Standards Binary & stellar evolution
Interstellar Medium : N \ '

- Dispersion, Faraday rotation L Gravity &®

» Scattering and Scintillation = - NP TS e
Extreme Environments ' 4 Supernova explosions

 Large B-field

» Neutron Star Interior

 Tight Binary systems

» Fast Spinning pulsars
Theories of Gravity :

- Tests of General Relativity Pulsars are natur.al laboratories for

« Tests of Alternative theories of gravity advancing physics, and are also

« Gravitational Waves (pulsar timing arrays) | unique tools for physical laboratories

ﬂ Supér—dense matter
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LOI‘AR (LOTAAS)
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MWA (SMART)

SMART complements all other major surveys

Bhat et al. (2023)

GBT (GBNCOC)
Stovall et al. (2014)

GMRT (GHRSS)

Bhattacharyya et al. (2016)

Murriyang (HTRU)
Keith et al. (2010)
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FAST (GPPS)
Han et al. (R021)

Survey  Telescope Frequency Band Sky coverage Time resolution  Frequency resolution Dwell time Stmin T
(MHz) (ps) (kHz) (s) (mJy)
LOTAAS LOFAR 119-151 5 >0° 491.52 12.21 3600 1-2
SMART MWA 140-170 o < +30° 100 10 4800 2-3
GBNCC  GBT [ 300-400 | 5 > —40° 81.92 24 120 11
GHRSS GMRT 306-338 —40° > & > -54° 30.72-61.44 15.625-31.25 900, 1200 1.0
_
HTRU Parkes 1182-1522 o < +30° 64 390 240, 540,4200 0.2-0.6
GPPS FAST 1100-1500 -10° < b < +10° 49.152 244.14 300 0.005




(@ SMART is a survey with SKA precursor
N\

SMART is unique on several counts: e.g. novelty in data recording,
and as a reference for pulsar surveys planned with the SKA-Low

© SKA precursor pulsar survey: synergistic
overalp with calbration and beamforming
methodologies likely relevent for SKA-Low

©®© Reference survey for SKA-Low, providing
complete digital record of the southern sky

Declination

© YVoltage-capture mode for data recording
(as opposed to filterbank data format of all
other surveys) = a multitude of processing e :
(and reprocessing) avenues for follow-ups o s
and confirmation (inc timing/localisation)

Search for pulsars (and fast transients)
in the new parameter space opened up

by the MWA

Map out the pulsar population in the
southern sky at the low frequencies

® 3-5 times deeper than previous-generation
low-frequency pulsar survey (Parkes 70cm
from 1990s), and 2-3 times more sensitive
compared to high-latitude Parkes HTRU

©® Complementarity with ongoing surveys Inform pulsar survey and science prep
(e.8. LOFAR, GBT, GMRT, FAST) in terms of for the SKA-Low

sky and/or frequency coverages

. 5




(e Survey strategy & beamforming
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« Each SMART observation
(~ 610 degR) is processed
to form ~ 6000 to ~ 8000
tied-array (phased-array)
beams

*  Multi-pixel beamformer
(Swainston et al. 202R) is
the front-end workhorse
for SMART search pipeline

 Raw voltage data archived for
SMART observations

* Excellent data sets for trialing
beamforming methodologies

Bhat et al. (R0R3), PASA, 40, e0RQ0



(@ SMART Search sensitivity
N\

At low frequencies, pulsar search sensitivity is a strong function of period, DM, and sky background
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Dispersion measure, DM (pccm™3) LOTASS (LOFAR) + SMART (MWA) will

be the most sensitive pulsar surveys in

Limiting search sensitivity: the SKA-Low’s frequency band

. ~2-3 mdy for long-period pulsars (P ~ 1 second or longer)
. ~5-10 mdy for short-period (MSPs) pulsars (P ~ 1- 10 ms)




{«wNew Pulsars from the First pass

First pass processing: a shallow survey, limited to periodicity searches, DM < 250 pc cm™®

j0036-1033 | GMRT j0036-1033 |  GMRT
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J0036-1033: steep spectrum, low-luminosity, and highly variable
(a factor of ~ 5-6), high-|b|, so promising for scintillation analysis
(Swainston, Bhat, et al. 2021, AplJL, 911, L26)

J0452-3421 154.24 MHz &

Time (minutes)
Index

0.45 .
Pulse Phase

o _ J1357-2530: uGMRT imaging localisation

(Grover, Bhat, et al. 20244, Apl, 970, 798) observation (Bhat et al. 2023b, PASA, 40, e020)
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J0026-1955: sub-pulse drifting,
nulling, high-|b| location
(McSweeney, Bhat, et al. 2022, ApJ,
933, 210)

UGMRT Follow-up (Janagal et al.
2023b, MNRAS, 524, 2684)




CRAQ Beamforming + Imaging for Localisation

and hence an accelerated convergence to the full coherent timing solution

Step #1: from ~10’ to ~10” using a combination qf SART and VCS archival data
Phase 2 compact (~300 m) Phase 1l (~3km) Phase 2 extended (~6 km)

SMART Pulsar #1:

g / , PSR JO036-1033
“14"" > P =0.900009 seconds
\< NV DM =23.123 pc cm™®

...........................................

__-10°15' : [ -10°30"

1052 N A similar strategy can be
: : employed for SKA-Low
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Swainston, Bhat, et al. (R021), Apd, 911:1.26; Bhat et al. (R023b), PASA, 40, e020

Step #3: faster convergence to timing solutions (in a few months); e,g. J0036, J0026




Y PSR JO026-19586: evolutionary
@Q@ sub-pulse drifting and nulling

GMRT Follow-up
Janagal et al. MNRAS,

524, 2684

A pulsar with unusual sub-pulse drifting (evolutionary and _— \ P(TIIFTU,I IJnadr::gTI
stable drift modes) and a very large nulling fraction (70%) Al
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} PSR J0452-3418: regular sub-pulse
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Grover, et al. 2024a, AplJ, 970, 798

Pulsar #8 from the first-pass SMART processing

* Period (P;) = 1.67 seconds

« DM =19.78 pc cm3

* Sub-pulse drifting periodicity, P; ~ 5 P;

* Quasi-periodic nulling on time scale ~ 45 P,

* Localization (~arcsecond) via uGMRT (Band 3)
high-resolution imaging
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drifting + quasi-periodic nulling

Garvit Grover
PhD candidate
(Curtin)
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@9\ Commencing the second pass

Second pass processing: full observation searches, FFT+FFA for periodicity
searches, single-pulse (transient) searches, targeted searches for MSPs, etc.

75°

Some N'umbers (Chia Min Tan)

* Processing on NT (OzSTAR)
(NT = Ngarrgu Tindebeek)

‘Beamforming

* 300 hours with 24 GPUs for
1/8% obs (or 2400 hours, for
one full SMART observation)

Declination

*Search pipeline :

* 4000 CPU hours for FFT+FFA
. = search for 1/8% observation
Right Ascension (or 31,500 CPU hours for one

SMART observation)

SMART_BO09 total pointings : 4558, completed pointings : 569, fraction completed 0.125

—47.5 4

-50.0

-52.5 1

-55.0

* Need to spread out the processing load,;
woof & e.g. DUG (commercial HPC) + NT (OzSTAR) in
the near future, alongside Pawsey (Setonix)

—65.0
-10 0 10 20 30
Right Ascension (degrees)

=57.51

Declination (degrees)
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New pulsar candidate

After processing 1/8™ of first observation, i.e. 560 tied-array beams (out of 4500), or ~0.2% of sky

2 Pulses of Best Profile

%a%ﬁazl S

i ‘“Km_grw-f f
3:&" r&';}f ff gu
ﬂ

@mm mﬁm

SR

,)L% o ‘Wﬂi\ o e Af._m

tgﬂ 11 \H; r‘ny.u 11; 4.»;4‘-#-

3 yayﬁ‘ﬁ";% oh b H‘

'i';:!-‘ f“Jd. ?!-.r;"n‘f%l Mivdad l'
nipil { ;5‘ | . ;
«"' e #gf»‘ iy %'
Shr d;_,o ’\

'.(
cyh e éff?*
L h\ }
F B

o
] 0.5 1 1 5
Phase

4000

3000

Time (s)

2000

1000

G0057_1224252736_01:25:37.06_—58:49:28.51_ch109—-132_0001.fits

Condidote: ACCEL_Cand_1

Telescope: MWA128T

Epochy,,, = 58413.59172453704

Epochm = 58413.59446117342
= 0.0001

;'oldod = 46800000

Dato Avg = -160.2

Dota StdDev = 506.3

Profile Bins = 100

Profile Avg = ~7.496e+07

Profile StdDev =

@ o0t -0 10 2a0™ E
we : §
S~ =‘ z
Yo 2
N g - : T T T T N * I.
™ oF 08
el . n §
S | o
g Y :
,° ° . 1 L 1 L ? lg o . §
6 4 2 0 11.55 116 11,65 11,7 11.75 o 10 0 -10 d
Reduced )x? DM (pe/cm®) Period — 24.50193607 (ms)

3.464e+05

0.8

Sub~baond

Search Information
RA 000 = 01:25:37.0600 DEC ;5000 = —58:49:28.5100
Folding Parometers
DOF g = 86.04 Yooy = 6.176 P(Nom) < 2.42¢-65 (17.00)
= 11,660
(ms) = 24.5900084(22)
(s/8), = 0.0(3. 6)x10™'2
P pory (8/8%) = 0.0(5.0)x10™"®

anomon MeosumTDM pc/cm
(ms) = 24.5919361(22 )
(a/s) = 1.4(3.6)x10""
P opo (8/8%) = 0.0(5.0)x10™"®
Binary Porameters
(a) = N/A e = N/A
o,un(l)/c (s) = N/A w (rad) = N/A
Toet = N/A

A

o ST 0 x0T 10
P-dot — 1.3888e-12 (s/s)

N\

- 24, 59195607 (ms)

T e
Roducod{

Reduced

014.
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Period: 24.6 ms

DM: 11.669 pc cm™

S/N: 17 sigma in 80 min
Si150: ~4-6 mJy (indicative)
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Confirmed in an adjacent
SMART observation
Detected in archival (VCS)
observations
Preliminary indications
+ Likely in a binary orbit
(~days)
* Possibly a partially
recycled object




) MWA (SMART) Pulsar Census

N/

JO030+0451 4.87 ms J0034-0534 1.88 ms J0034-0721 042.99 ms JO038-2501 256.95 ms JO051+0423 354.75 ms J0924-5302 746.33 ms J0924-5814  739.53 ms J0942-5552, 664.37 ms J0942-5657 808.15 ms J0943+1631 1087.50 ms
Nbin= 50 DM= 4.33 Nbin= 19 DM= 13.77  Nbin=1024 DM= 10.89 Nbin= 256 DM= 5.69 Nbin= 64 DM= 13.90 Nbin= 512 DM=153.43 Nbin= 256 DM= 57.25 Nbin= 512 DM=180.03 Nbin=1024 DM=160.19 Nbin= 128 DM= 20.48

670.02 ms
DM= 92.32

JO133-6957 ~ 463.49 ms JO134-2037 13697 ms JO151-0635 1464.59 ms J0152-1637, 83277 ms J0206-4028  630.57 ms J0944-1354 ~ 570.27 ms J0946+0951 1097.74 ms J0953+0755, 253.06 ms J0955-5304 ~ 862.05 ms JO959-—
Nbin= 64 DM= 22.95 Nbin= 100 DM= 21.79 Nbin= 1 DM= 25.66 Nbin=1024 DM= 11.93 Nbin= 512 DM= 12.99 Nbin=1024 DM= 12.50 Nbin=1024 DM= 1532 Nbin=1024 DM= 297 Nbin= 100 DM=156.86

JO304+1932, 1387.51 ms J0255-5304 447.71 ms  JO401-7608 545.27 m 1804.70 ms J1022+1001 1645 ms J1034-3224 1150.58 ms
Nbin= 100 DM= 15.66 Nbin= 100 DM= 15.90 Nbin= 100 DM= 21.7 Kn°wn pulsars (ATNF catalogue) DM= 48.88 Nbin= 165 DM= 10.26 Nbin= 512 DM= 50.80
+ MWA (low-frequency) detectipns —_ MWA

J0450-1248,  437.99 ms J0452-1759 ~ 548.91 ms J0459-0210 1133.02 m $ 2 1184.97 ms J1112-6926,  820.45 ms J1116-4122  940.53 ms
Nbin= 100 DM= 37.04 Nbin= 100 h DM= 39.90 Nbin= 100 DM= gu SMART discoveries

- = GBT DM=108.70 Nbin= 256 DM=148.49 Nbin= 100 DM= 40.75
J0525+1115  354.43 ms J0528+2200, 3745.53 ms J0O600-5756, 2261.35 m

i

GMRT

£ 3

23297 ms  J1136+1551 1187.93 ms J1136-5525_ 364.69 ms
DM=111.19 Nbin=1024 DM= 4.84 Nbin= 256 DM= 85.14

Nbin= 512 DM= 79.38 Nbin= 512 DM= 50.87 Nbin= 256
{ =
o
-
+
©
J0624—-0424, 1039.06 ms JO630-2834 1244.41 ms JO636-4549 1984.54 m c 452.78 ms  J1224-6407, 216.47 ms J1225-5556, 1018.44 ms
Nbin= 128 DM= 70.83 Nbin=1024 DM= 34.42 Nbin= 512 DM= 26.. - DM=145.79 Nbin= 512 DM= 97.78 Nbin= 128 DM=125.61
-
[}
[
[=]
JO737-3039 2272 ms J0742-2822 166.77 ms JO758-1528 682.29 m 622 ms J1311-1228 447.50 ms J1312-5402 728.14 ms
DM= 48.92 Nbin=1024 DM= 73.73 Nbin= 512 DM= 63. DM= 10.15 Nbin=1024 DM= 36.24 Nbin= 128 DM=135.91
J0820-4114 545.46 ms J0B23+0159 864.79 ms  J0B26+2637 530.68 m 532.68 ms J1332-3032 650.42 ms J1335-3642 399.17 ms
Nbin= 512 DM=113.32 Nbin= 100 DM= 23.93 Nbin=1024 DM= 19.¢ DM= 41.31 Nbin= 256 DM= 14.71 Nbin= 256 DM= 41.86
Right Ascension v
JO837-4135 751.62 ms J0B42-4851 644.34 ms J0855-3331 1267.53 ms JOB56-6137, 962.49 ms J0902-6325 660.30 ms J1240-4124, 512.24 ms  J1340-6456 378.60 ms  J1355-5153, 644.28 ms J1358-2533 91291 ms J1418-3921  1096.75 ms
Nbin=1024 DM=147.33 Nbin= 128 DM=196.58 Nbin= 512 DM= 86.41 Nbin=1024 DM= 95.78 Nbin= 512 DM= 72.85 Nbin= 256 DM= 43.30 Nbin= 128 DM= 76.71 Nbin=1024 DM=111.50 Nbin= 64 DM= 16.05 Nbin= 512 DM= 60.22

J0904-7459 549.53 ms J0905-6019, 340.85 ms J0907-5157 ~ 253.56 ms J0908-1739, 401.62 ms J0922+0638, 430.64 ms J1430-6623 78541 ms J1440-6344 ~ 459.50 ms J1453-6413  179.48 ms J1455-3330 7.99 ms  J1456-6843  263.36 ms
Nbin= 128 DM= 49.11 Nbin= 512 DM= 91.67 Nbin= 128 DM=103.81 Nbin=1024 DM= 15.87 Nbin= 256 DM= 27.28 Nbin=1024 DM= 65.08 Nbin= 256 DM=123.91 Nbin=1024 DM= 71.07 Nbin= 50 DM= 13.57 Nbin=1024 DM= 8.62

SO —
Bhat et al. 2023b, PASA, 40, e020

SMART Pulsar Detections:

. Low-frequency detections of 230+ pulsars

. Five pulsar discoveries from analysis of < 5% of data
. Data release papers in prep (updated pulsar census + MSP census)



(ew) MWA (SMART) Pulsar Census
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J0924-5302 746.33 ms J0924-5814  739.53 ms J0942-5552, 664.37 ms J0942-5657 808.15 ms J0943+1631 1087.50 ms

J0030+0451 4.87 ms J0034-0534 1.88 ms J0034-0721 942.99 ms  JO038-2501 256.95 ms J0051+0423 354.75 ms
riy\j::.:} Niy\lu-\m_n Nbin=1024 ﬁ DM= 10.89 Nbin= 256 P DM= 5.69 mg Nbin= 512 ’ DM=153.43 Nbin= 256 q DM= 57.25 Nbin= 512 r DM=180.03 Nbin=1024 N DM=160.19 Nbin= 128 n DM= 20.48

J0944-1354  570.27 ms JO946+0951 1097.74 ms JO953+0755, 253.06 ms J0955-5304  862.05 ms J0959-4809  670.02 ms

J0133-6957, 463.49 ms J0134-2937, 13697 ms JO151-0635 1464.59 ms J0152-1637, 832.77 ms J0206-4028  630.57 ms s s s
Nbin= 64 DM= 22.95 Nbin= 100 1 DM= 21.79 Nbin= 1 DM= 25.66 Nbin=1024 DM= 11.93 Nbin= 512 l DM= 12.99 Nbin=1024 DM= 12,50 Nbin=1024 ” DM= 15.32 Nbin=1024 ﬂ DM= 2.97 Nbin= 100 n DM=156.86 Nbin= 1 DM= 92.32
= 100

GCLTiaE  TS75Y e KRBT, AT e (OO0, B nown pulsars (ATNF catalogue) 180470 ms 4102241001 1645 ma  J1034-3226, 1150.58 ma

DM= 48.88 Nbin= 165 DM= 10.26 Nbin= 512 DM=

Nbi DM= 15.66 Nbin= 100 DM= 15.90 Nbin= 100 DM= 217

+ MWA (low-frequency) detections
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Legacy data sets of the high time resolution radio sky at low frequencies

flexible reprocessing options, future algorithms, new phenomena, }, =
and an important reference for SKA-Low pulsar survey and science

JOB37-4135
Nbin=1024

J0904-7459
Nbin= 128

1184.97 ms J1112-6926, 820.45 ms J1116-4122  940.53 ms

42 399.17 ms
DM= 41.86

Bhat et al. 2023b, PASA, 40, e020

SMART Pulsar Detections:

. Low-frequency detections of 230+ pulsars

. Five pulsar discoveries from analysis of < 5% of data

. Data release papers in prep (updated pulsar census + MSP census)
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® e SMART survey exploits the MWA’s large field of view (~610 deg®) and the
voltage capture system (VCS) capability for data recording

©®© SMART complements past/ongoing surveys in sky coverage & frequency band
® Data collection 100% completed (2018-8023); total data volume ~4 Petabytes

® ~10% processed for a “first-pass” search, ~10% of which scrutinised for cands;
5 new pulsars, Redetections of 230 pulsars (Bhat et al. 2023a,b; McSweeney et al.
2022; Swainston et al. 2021; Grover et al. 2024; Lee et al. in prep.; Bhat et al. in prep.)

© Second pass processing (dwell time ~80 minutes) has commenced; periodicity
(FFT + FFA), single-pulse, CDMT + acceleration searches; New MSP candidate

® Legacy (voltage) data set for the low-frequency (southern) sky, an important
reference survey for SKA-Low survey planning and verification
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