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Talk overview

Pulsars: a quick recap

Why continue to search for pulsars ?
How 15 1t actually done ?
Introduction to MeerKAT
Introduction to TRAPUM
Scientific and technical highlights

Future prospects



Formed from supernovae explosions

Massive neutron stars (M ~ 1.4 Mgun)

Compact objects (R~ 10-20 Km)

Pulsars

Credit: Joeri Van Leeuwen

m  Highly magnetised (~ 1012 G)

= Rapidly rotating

(P ~ milliseconds to seconds)

B Emit across multiple wavelengths

(Radio to Gamma rays)

Period Derivative (ss™1)

= Magnetars
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Why continue searching?



primary secondary Figure from: Lorimer, D., Living Rev. Relativity 11 (2008), 8
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Understanding pulsar emission physics - links to FRBs?

Intermittency, nulling, quasi-periodic substructure, profile evolution
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Understanding pulsar emission physics - links to FRBs?
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How to search?



Search Methodology

What’s common with FRBs

Filterbank data

RFI mitigation

Dedispersion
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%
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Candidate Classification

(Typically ML based)



Filterbank data

RFI mitigation

Dedispersion
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Search Methodology

What’s eemmen-with- FRBs-done for pulsars

Filterbank data
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What to do after discovering a pulsar?



Pulsar T1ming

H/Resid alsx.\«)ﬁ
Regular monitoring of incoming pulses Model
Observed \,J \,‘JL/\VJ \ﬁ

Aim: |o provide a model that can predict
time of arrival ot every pulse!
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Introduction to MeerK AT

Credit: SARAO

=Most sensitive 1n the Southern Sky *=Sub-array feature
=Fully steerable = Beamforming / localisation capability
=Large frequency coverage (0.5 - 3.5 GHz) Has the makings ot

a pulsar search instrument!



Unassociated Fermi sources

AP L

Transients and Pulsars
with MeerKAT

Targeted survey for finding pulsars

SNR/PWN/1eV sources

Globular clusters
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Prof. Michael Kramer Prof. Ben Stappers
. i SNR/PWN/TeV
Working group chairs ‘
Nearby galaxies Globular clusters Follow up

Project scientist
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Prof. Rene Breton & Dr Colin Clark Dr Lina Levin-Preston Dr Alessandro Ridolfi Dr Marta Burgay

Dr Ewan Barr

70+ members from 20+ institutes, 30+ Masters and PhD students (10+ graduations so far)



State-of-the-art Instrumentation

In every branch of knowledge the progress is proportional to the amount of facts on which
to build, and therefore to the facility of obtaining data.
- James Clerk Maxwell

Need: Solution:
Recewver for deep pulsar searches S>-Band recervers

(high DM) 1.7-3.5 GHz, 875 MHz inst. BW




State-of-the-art Instrumentation

Solution:

Need:
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State-of-the-art Instrumentation

Need: Solution:
Bacflb:er;d for deploying pulsar search APSUSE
software S HPC facility equipped with 120 GPUs

QQuasi-real time searching
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Why Globular clusters?

Dense Dynamic interactions Unique binaries



dearch Strategy

<= Subbanded to reduce data volume
<= FFT based
< Acceleration search to find binaries

= Segmented searches to boost sensitivity
to compact binaries

= 'T1ling of nearly 300 beams with high overlap

= largets:

Large area | high number of pulsars |

"‘o’.& “'

core-collapsed | high gamma-ray flux AN T R R TN it




Binary
Isolated =3

345 pulsars in 45 clusters

Current status
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(Globular cluster searches

150 pulsars in 28 clusters
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Now

106 discoveries from MeerKAT
//trapum.ore/d

http

Pre MeerKAT and FAS'T era
Past


http://trapum.org/discoveries/
http://www.naic.edu/~pfreire/GCpsr.html

Chen et al. 2023
Slow spinning

Eclipsing
Douglas et al. 2022

Abbate et al. 2022

High DM

Highlights

(Globular cluster searches

345 pulsars in 45 clusters

Isolated /™

TBD ™

Nag et al., 1n prep

Eccentric

Ridolfi et al. 2021

Padmanabh et al. 2024

pajsoy sJes|nd Jo JaquinN

Exxchange products

Ridolfi et al. 2022

New discoveries with unknown DM

Jawor et al., 1n prep



Highlights

345 pulsars in 45 clusters

(Globular cluster searches
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(Globular cluster searches: Highlights

NGC 1851E
)
é 5.598 -
©
o
& 5.597 -
A&A 664, A27 (2022)
https://doi.org/10.1051/0004-6361/202143006 trono my g_
© ESO 2022 B V)
Astrophysics 5,596
-
&
TRAPUM discovery of 13 new pulsars in NGC 1851 S 5:595-
using MeerKAT* /
A. Ridolfi"*®, P. C. C. Freire’®, T. Gautam*®, S. M. Ransom’®, E. D. Barr?®, S. Buchner*, M. Burgay'®, o0 c)f) .\_0 62 10
F. Abbate?, V. Venkatraman Krishnan®, L. Vleeschower’©, A. Possenti'*®®, B. W. Stappers®, M. Kramer*>©, 6935‘ 693& 6936 6936 6936
W. Chen?®, P. V. Padmanabh®>’®, D. J. Championz, M. Bailes®?, L. Levin’ @, E. F. Keane'’, R. P. Breton,
M. Bezuidenhout®®, J.-M. GrieBmeier'''?@, L. Kiinkel'*@, Y. Men?, F. Camilo*®, M. Geyer*, B. V. Hugo*'4, Date (M]D)

A. Jameson®’, A. Parthasarathy?, and M. Serylak'>:'®

3.6 ms, 7.4 day orbit, e= 0.7

Mc, min — 1 .4: Msun



Post-Keplerian parameters

Rate of advance of periastron Shapiro delay &
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Companion mass, m_ (Mg)
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Barr, Dutta et al. 2024



Companion mass, m_ (Mg)
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RESEARCH

RESEARCH ARTICLE

RADIO ASTRONOMY

A pulsar in a binary with a compact object in the
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Why Fermi ?

3000 sources
240 pulsars

1300 unidentified sources

Applications

Image credit: the Fermi-LAT Collaboration Pulsar emissi()n energetics

Building a gamma-ray

PTA!



Fermi source selection and observing strategy
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Pulsar-like spectrum?

95%0 confidence region tiled

Nearly 300 beams

High curvature significance

Low variability



Fermi survey: current status

Survey Tobs (min) Target Sources Bands
Shallow 10x 4 pulsar-like y-ray spectrum 79 L and UHF

Deep 60 x 4 pulsar-like y-ray spectrum 6 L and UHE
Spider + Optical/X-ray LC




Fermi survey: current status

Survey Sources : Total : MSP Slow
Discoveries pulsar
Survey Tobs (min) Target Sources Bands
Shallow 79 24 19 3}
Shallow 10 x4 pulsar-like y-ray spectrum 79 L and UHF Deep Spider 6 3 3 0
Expanded Shallow 89 15 14 1
Deep pulsar-like y-ray spectrum .
Spider 60 x 4 + Optical/X-ray LC 6 L and UHF Expanded Deep Spider 5 2 2 0
Shallow 2025 (on-going) 56 5 4 1
Deep Spider 2025 (on-going) 1 0 0 0
Clark et al. 2023

Thongmeearkom et al. 2024 Credit: Tinn Thongmeearkom

Burgay et al. 2024
Dodge et al. 2025

Belmonte Diaz et al. 2025

Atleast 49 new pulsars (3 more pulsars in the last few weeks)
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Fold gamma-ray data
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Obtain gamma-ray pulsations!
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Fermi survey: highlights

Light curve mcdellmg Spectroscopy

(M o+ Mp)° L e e, e e
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+ 1 : ’
q £ i —
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360 - -
2,65 12.18
1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
350 - Neutron star mass (M,)
: : |V|P=2.3 +- 0.1 M@
Multi-wavelength modelling Credit: Oliver Dodge

(Radio + optical)
Dodge et al., in prep



Fermi survey: highlights
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Light curve model
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Why Nearby Galaxies?

About 30 out of 4300+ 1n MCCs

Galactic properties <-> NS formation

Extragalactic Merger rate <-> GW events

FRBs <-> Pulsars?



ASTRONOMY

orming
ith
USE

enetal.2021)

D

|

Known pulsars

Nearby Galaxies: Strategy

i

ASKAP EMU radio image of the Small Magellanic Cloud

(Joseph et al.2019)

* Recent star formation: many Supernova Remnants, Pulsar Wind Nebulae

Credit: Emma Cairli



Nearby Galaxies: Strategy

~800 beams per obs (<1' width), placed
freely around pointingdirection.

Murriyang Multi Beam has 13 beams
(14' width): we cover 3x less area

2 passes per pointingto account for pulsar
flux variability

* More freedom of placementand easier
localisationthan Murriyang

)

Emma Carli - Pulsars in Nearby Galaxies with TRAPUM/MeerKAT

Credit: Emma Carli



Nearby Galaxies: Gurrent status

DM (pc cm-)

27 new pulsars

(7 SMC +
20 LMC(C)



http://trapum.org/discoveries/
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7 pulsars including
2 PWN associations and a glitching pulsar

Carli et al. 2024
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Nearby Galaxies: LM G Highlights

20 new pulsars
7 timing solutions
1 possible long period
binary (P, ~ yrs)

1 0 0.5 1
ﬂ J0534-690.
P = 842.
DM = 244 cm™
é —r 0:5 —T i

J0452-6921
P = 690.16 ms

DM = 325.52 pcem™3

J0454-6927
P = 2238.46 ms

DM = 103.00 pccm™3

-----------

J0501-6609
P = 245.20 ms

DM = 128.10 pccm™3

-----------

J0501-6611
P =411.82 ms

DM = 68.63 pccm™3

J0501-6750
P = 263.85 ms

DM = 86.80 pccm™3

-----------

J0505-6530

—

P = 915.89 ms

DM = 85.00 pccm™3

-----------

J0527-6935
P = 601.42 ms

DM = 101.69 pccm™3

-----------

J0531-6717
P = 416.75 ms

DM = 79.50 pccm™3

-----------

-----------

Prayag et al. 2024
Prayag et al., in prep

O~ ~rmmrQ T TTTieY e seer mees s~y am

J0458-7024
P = 533.71 ms

DM = 118.10 pccm™3

-----------

J0501-6744
P = 887.13 ms

DM = 96.00 pccm™3

-----------

J0525-6950
P = 719.45 ms

DM = 245.35 pccm™

-----------

J10537-6957
P = 380.97 ms

DM = 61.90 pccm™3

-----------

Period Derivative
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Frequency

Why SNR/TeV/PWN?

300 -
B Confirmed

o Candidate

()

-,

-
1

Huge potential for
discovering several young pulsars!

[

-

-
]

1970 1980 1990 2000 2010 2020
Year published

NPSR = Ntarget . f;)eam .fL .fNS . (1 _fmagnetar) ' (1 _fCCO) Ceeen

Factors precluding SNR detection not well constrained..
Credit: James Turner



Starting list {39

A. Target DEC < +44°{L739

B. Outside FAST
GPPS footprint

C. No NS association|
(excl. CCO)

D. If confirmed SNR,
no evidence of

Type Ia origiln

E. If candidate,
good chance

of novelty

SNR/'1eV/PWN: Source
Rejected gggfirmed
¥é5°5'8° gggdidate

309 216

282 216
167 36 146
228 14 142
237 14 142
242 14 137
283 144 123

F. Diameter |
< 60 arcmin

selection

Turner et al. 2025 (accepted)



SNR /' 1eV/PWN: Current status

134 targets ..

1 NEW ASSOCIATED PULSAR
(PSR J1831-0941 in G22.045-0.028)

Galactic Latitude

-0.10°

22.10° 22.00°
Galactic Longitude

Turner et al. 2024
Why low success rate?

Flux Density (mlJy)



SNR/1eV/PWN: What can we learn?

The population synthesis

ESN ngy Mum.«

— 10° erg, 1 ecm™, Mg

40 i
-= 10%erg, 1ecm™3, 1My
—10C S D= I()SI erg, 10cm” ‘. |A1® -
[, deg g_'m ----- 105" erg, 1 ecm™3, 10M,
Galactocentric &

A W -
bl

.
--------

0 : : : : -
0 20000 40000 60000 30000 100000
ryr

1. Simulate a pulsar
population in PsrPopPy2

2. Cut pulsars with

4. Assign each pulsar an
NR size and birth velocity.

S
(evolve mode) =) age, T > 100 kyr = 3. Apply 3D sky — Check projected location
(SNR-PWN filter

dissipation time)

T Repeat 100x

&

GSM2016 (Zheng+2016) NE2001
(Cordes+Lazio, 2002)

)

Vi1
S. Calculate sky ‘ .\ A vk,2

temperature, DM &
scattering timescale XY 2% RZ(TZ )

and TRAPUM S/N
xl’y 1’Z1’R1 (Tl) "
Credit: James Turner



SNR/1eV/PWN: Lessons learnt

Here’s what we found...

0.30F

— O i
— ) e
W S W

Fraction of outcome

S
=

0.05 PR XK AKX

Gaussian

Ry |

000071 2 3 4 5 6 7

Predicted number of discoveries

3 9

RESULTS
The real result overlaps
with population-based
prediction
Too faint (45%) and too
scattered (30%) are the
largest selection effects
An S-band 2.4 GHz survey
recovers 50-150% more
pulsars
MAIN CONCLUSIONS
1.2 GHz is now too low, go
>2 GHz for future searches!
Match or beat our 52 uJy
upper limits to maximise
discoveries!

Credit: James Turner



Pushing the boundaries
via computing and techniques...



Einstein(@Home

* Volunteer distributed computing project
(https://einsteinathome.org/)

 Dedispersed files and zap lists sent to volunteers.
Post processing (sift and fold) done in-house

e (Compatible with different OS architectures
(CPU and GPU)

* Previously run searches with PALFA and PMPS
data (e.g. Allen et al. 2013, Knispel et al. 2015

Currently applied to MeerKAT globular cluster data

Computing

CPU TFLOPS

(from successful tasks last week)

CPU weeks
(from successful tasks last week)

Granted credit / 100

(from successful tasks last week)

Workunits finished last week

GPU productivity (last 7 days)
Hosts w/ ATI/AMD GPU

Hosts w/ NVIDIA GPU

Hosts w/ INTEL HD GPU

Hosts w/ Apple M GPU

FGRP5

2,939

7,825

2,069,618

274,553

einstein

BRP7

173

505

24,558,611

410,280

3,230
8,528
8,258

721

https://einsteinathome.org/server status.php

Sign up and help find more pulsars!



MeerK A1l data flow
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FBFUSE-BVR g

FBFcn

Transparent bridging server

MeerKAT
—_—
F-ENGINE CBE

network

FBFUSE

Joint venture between

AFEI and MPIIR

Baseband data passively recorded

Installed in Feb 2024

Can be used for high impact targets (Currently for Galactic centre, globular clusters)
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autocorrelation products
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IB subtraction

Mitigates baseline variations

Improves sensitivity to slow pulsars
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Conclusions

The TRAPUM survey has run for 3 years
with nearly 1000 hours of observing

Nearly 200 pulsars across
olobular clusters, Fermi sources,

Magellanic Clouds
and SNR/PWN sources

T'he next goal 1s to continue following up
Interesting sources
(Searching or timing)

This survey has also laid a foundation to learn and plan for the next gen surveys

- DSA 2000, ngVLA and SKA


http://trapum.org/discoveries/

