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Lets go bac

The first known pulsar, PSR B1919+21, was

discovered by J. Bell (photo) by very patiently
inspecting its single pulses in a pen chart
recorder

J. Bell with her eyes basically performed what
now we usually call a matched filter search

« PSR B1919+21 was "just right”: fairly small DM,

not too short period, neither too long, very
orignt

J. Bell at the Mullard Radio ~

Astronomy Observatory l

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Lets go back in time...

* A few yeqf before Cooley Q”d Tukey pu.O“Sh An Algorithm for the Machine Calculation of
their seminal work on fast implementation of Complex Fourier Series
the discrete Fourier Transform (FFT) By James W. Cooley and John W. Tukey

- When large computing facilities became more
accessible astronomers quickly realised that
they could use FFT searches for pulsars Letter | Published: 16 December 1982

A millisecond pulsar
- Thanks to this Backer discovered the first milli-

D. C. Backer, Shrinivas R. Kulkarni, Carl Heiles, M. M. Davis & W. M. Goss
second pulsar

Nature 300, 615-618 (1982) | Cite this article

. :Ourier—bdsed SeQrCheS Hecame C]Ulely the de_ 3325 Accesses | 674 Citations ] 50 Altmetric ] Metrics
facto standard search algorithms for pulsars

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Lets go back in time...

THE ASTROPHYSICAL JOURNAL

FREE ARTICLE

- Pulsar Giant Pulses (GPs) revamped the
impetus to search for exotic sources again by BRI

@ 2003. The American Astronomical Society. All rights “esarved. Printed in L) 5.A.

performing a single pulse search (SPS) s i
‘Cordes&Mcl.aughlin+03] o

- The search is then done by convolving the e TR
. . . " E 900;: h
recorded signal with a template function : B ] kil
(matched filter) A . D
- |t did not take too much time to have very o oo T e
fruitful results: thanks to SPSs we discovered e RARERE LT e T

the so called rotating radio transients (RRATS) ' e

WA ML A 6 s DR Lirims. M Saner. A, L Pubier, R M. Vaxtante, M
Codes, F, Camikg, A, Pocgent, L < St 5. Hoabse N D%Wrica N, Rugar & ) T DRrign

Na'erg 430, 317 820 (2C06) | Cle thic an cle

II ACCEEEaE | D10 URLONE | AF Anmer< | MM

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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We did discover FRBs... by searching sometning else!

. Desire to reprocess archival data to find
RRATS

3 ;.=;; i-.-"?}fe‘cg% <l i
L )#il." '”‘b "h'];il} Y m "?}u“ H;fim ".(*Hv‘ ut .{ri

N‘:H E T :! r' ol

) e ’I "
| 14 4 Y

)
1t I Y | l

) 1 U
‘ iy "'." I 10

| | 1 !
A [ M

» Reprocessing of the Parkes (Australia) Small
Magellanic Clouds Survey

Fregqueney (CHz)

- An unexpected single event: the Lorimer
Burst (LB)

Time after UT 19:50:01.653 (ms)

Lorimer+07 (Science)

Matteo Trudu FRB-Italy 2025 (7-9 May. Bologna)
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Whatisan FRB 7

By StUdylng the QnOtO my O]c the LB One C(]ﬂ - g, I "'..'i ! | R’?WWMMM.MP l\nw.'mlv..u'u-w.r.n.m,r.m-'.m'? "~,,
still pretty much define what is an FRB, or better :
saying what we think should be an FRB:

1. Very short duration, ms-long

Frequency (GHz)

IR T A
L I TN
Bk *A il ,u’f. k!'rwm .

¥ ""| .

2. Very energetic, about 1040 erg which
translates into fluences of Jy ms - ish if
they do come from outside our Galaxy or
MJy ms if you see one from the MW

)‘l

. \5& :;.'} s ﬂ'. |

0 100 200 300 400 200
Time after UT 19:50:01.63 (ms)

Lorimer+07 (Science)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Whatisan F

These super bright flashes experience the very
s radio pulsar signals experience
the medium:

same effec
due to the interaction with

1. Dispersion
2. Scattering
3. Scintillation

4. Faraday rotation

RB "

R’?‘W AT IR T LAY wlBPal® BT S PR YA BT e T 'i"a“l'? a1y
: 'in

" O

Frequency (GHz)

... .:: { "':. | l'l,l' . I 'v J " i."
| .' .'.." -. i *A ||"|]’r| k!'rhhuﬂt |

(it ' ‘;, w

)‘l

300
Time after UT 19:50:01.63 (ms)

Lorimer+07 (Science)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Whatisan FRB 7

Dispersion

FRB FRB FRB FRAB
leaves its host travels in the IGM arrives in the MW recorded

Fach frequency component of the FRB signal is
delayed and such delay depends on the
frequency itself

DM [(}.‘vl( 2)+ DM MW Halo ™ DM MW.ISM — DM

At (va, I/b> x DM (1/;2 — I/b_z>

! ]
Host Galaxy 4 : Milky Way

and on the quantity of free electrons it interacts
with via the dispersion measure (DM):

source -
DM — J ne(l)dl RB Source > 4 MW Halo

us

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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1500

‘ 1494 MHz
KL -
M "
) fg]\".ﬂ‘a/‘j‘ vf-\,%"" .\w\f'ﬂhf‘fwﬂ A"A‘LA\QA -/V‘

Scattering 1450 >
g l\ 1369 MHz -
: L : : N 1400 é s vaauwu\m%" \W Pl t%:
The inhomogeneities of the medium itself can 2 B S i
. . - . — 1219 MHz A
cause multi-path propagation of the signal Z 1350 N | Yo,
. . > \-{r'\f‘\‘v"‘
which turns into a frequency-dependent pulse s | i i 16 2 32
. “ 1300 Time (ms
broadening = ~
l. ’
I(?) — (1) @ exp (——) txv? p~4 1250
T

1200

0 200 400 600 800 1000 1200 1400
Time (ms)

Thornton+14 (Science)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Whatisan FRB 7

vvvvvvvv

]:‘) B L4 T L4 L4 ]' L4 T | L 4 L 4 1 4 L4 LS L L4 L L4 -
"I FRB170827 :

Scintillation

The inhomogeneities of the medium causing
the multi-path propagation makes also
constructive/destructive sum of the signal
waverronts at the location of the observer's,
creating an interference pattern

-1.5 -1 0.5 0 0.5 1 1.
Time (ms)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Whatisan FRB?

My ﬂ the angle
of rotation
d - el /
Faraday rotation i A
N, .
direction the electron
The magnetic field of the medium (its parallel ofpropagation |  fighslly
component along the line of sight) can make 1
rotate the plane of linear polarisation of an FRB s
. : ) : k| Electric field vector
signal, this rotation is frequency dependent T e
e T
AY = RM—
U2
and it depends on the strength of the magnetic |
field via the rotation measure RM:
source MN
RM X J ne(l)B”(l) d l %0.000 a0, 000 100 :;(;(md “11_13) 00 120, 000 30,0
us FRB 20121102A, Michilli+18 (Nature)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Lorimer+07 (Science)
_700_ | 1 I 1 | I | | l | I I =]
. . I 100457042 -
Whatisan FRB 7 | '
i JO111-7131 =
- . {76)
-71°— JO113-7220 g
(125) a
I 10045-7319
- (105) =
- Parkes Multi-Beam Receiver (PMB), 13 beams of 0.2 deg @ 1.4 GHz g -7z -
= - J0131-7310 “
S ] ]
- The LB fluence was 30 Jy ms = _
O

= -73° i
- The SMC Survey: A =5 squared degrees T =480 hours 2 i .
3 28
. Let us do back-of-the-napkin math of the possible all sky rate: o &y -
dr 1 I I St e Rl ]
R ( > 30 Jy ms) = 1 burst X o X i 400 burst sky™" day 2 —~ ) () ¢ .
~3/2 —75°— () C_J ) (e -
S 3 ~1 Jau—1 -
9?(>5Jyms)=%(>30]yms)>< 30 ~ 6 X 10° burst sky™" day - .
CE 5 3 0 a ¢ F 8 2 [ & ¢ i o o il o

. For the scaling | just assumed that the log N - log S distribution 1"5™  1h30™  1M15™  1hoo™  oM5™  0"307

follows what you would expect in a Euclidean Universe tht Ascension (J2000)

- Despite being brutal math, this result is still pretty compatible with
more recent measurements [CHIME/FRB+21, Niu+21,

Jankowski+23]
Parkes PMB, Staveley-Smith+97

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Again back in time.. e

- One might think that, given this fairly high all-sky rate, £\ |
it shouldn't be a big deal finding dozen of FRBs... AN |

- 4mis very huge, you only inspect a tiny fraction of the -
Sky... It one scale the all-sky rate to the FoV of the

1.0t

PMB one gets way less then 1 event per day... A

LW
N e -
N L S N R 'VM.J .\V"\-J. \_.'\,,"h,a\,"'"./v\l- PNV

r\ FREB 11€220 |

15

FRB 11CC27
1.0

- Confirming that the LB belongs to a new class of ‘
. . . . . 0.0m M A A R A A.\.J "A"‘-’-"‘-‘ AN AR M
object will require a lot patience... and a bit of luck... e M

1.5

Density (Jv]

FRB LLO?S
Lol B L0703

Flux

0.5t ﬂ
I\

- The Parkes High Time Resolution Universe (HTRU) ot S

Survey took on its shoulder this responsibility: after . | |
2600 hours of observation the first unambiguous FRB N

Time ims)

POPU lation emerg ed Thornton+14 (Science)

FRB L20127

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Again back in time...

»i;,.»»wm—.‘...f B e e
(-

L e SR ey

HTRU provided 3 very important lessons: b= —

- In the long run itis really impossible to store all the
data (HTRU was about a PB)... it is demanding having
real-time capabilities...

Ikalovthze
123rarel Fter bark (3F2) W aw v actor

- Finding FRBs is of course cool but it would be nice
having a localisation...

- HTRU data were only Stokes I, polarisation is always
nice to have...

Parkes SUPERB survey tackled this! New FRBs discovered
in real time (full Stokes) and 1 fairly good host galaxy
associdation

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Wishlist for an FRB Machine
The pipeline

NextGenerationEU

- Real-time capabilities

- Should form multiple beams within the FoV

- Be capable to deal with radio frequency interference (RFI)

- Needs to deal with the various propagation effects (dispersion and friends) to recover S/N

- Needs to have some degrees of freedom in the parameter space which explore (e.g. pulse width)

. | possible should provide the burst’s raw data for maximum flexibility

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Wishlist for an FRB Machine
The telescope
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- A good instantaneous sensitivity
- A large FoV

- A good localising power

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Beamforming

C Single beam search )

C Single beam search )

C Single beam search )

C Single beam search )

C Single beam search )

C Single beam search )

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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OwW dO our pipelines work?

@ulti beam siﬁi@

@andidate@

() =

Burst raw
data saved In
a DB
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OW ClO OUTI Plpelines work”?

~ N ™
° .
Single beam search —R - ~ A SRR
e . o 2 4 6 8 10 1 M 16 ' " ' pins
T Time (s) ( \ S
° ) - T L] | P,
J - ™ - . o|3 : &
- - Sl IR IE (I ]
. : v ) 1 :i lg'.
IR - N zi.. N . o~ A . .
o 5. Grouping
1. Spoctrogram 2. RFI M“'dl‘lg A ™ ched.filt Human-based
The signal from the . 9 e
’ Due to human actl\'lty, - - — . Time is) search can create 6 CIa,’iﬁ .Ion
so'::rce is prclcessed radio data are always "L AL redundancies and :
AL affected by radio- - . — did
: : . purious candidates, : .
intensn.y frqqugncy interference N - . which are then The f!nal candidates
\_ spectrogram. ) (RF1). Before processing, grouped. are ﬁ(st vetted by a
the data are thoroughly e ' \ , classifier acr;cll) then
- reviewe a
- masked. J " h ’
= \_ uman. )
— ‘ d
o é - —
: 0 2 “ € 8 1}) 12 4 16
Time (s)
3. Dedispersion 4. Matched filter
Since the FRB's dispersion For each DM trial, the data are searched for excesses. The
measure (DM) is not known DM-corrected spectrograms are summed along the
a priari, the data must be frequency axis, and the resulting time series is convolved
corrected for dispersion with top-hat function templates of varying trial widths
across multiple DM trials (matched-filter search). Candidates with a signal-to-noise
(dedispersion). This task is ratio (S/N) abeve a predefined threshold proceed to the
extremely computationally next steps. This process can be computationally
\ demanding. AR demanding. J

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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CHIME (Canada) Northern Cross (Italy) UTMOST (Australia) ASKAP (Australia)
2018 - Today 2020 - Today 2017 - 2022 2017 - Today

T s

Apertif (Netherlands) MeerKAT (South Africa) FAST (China) VLA (USA)
2019 - 2023 2019 - Today 2019 - Today 2020 - Today

Commensally Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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These telescopes made wondertul discoveries (some of
them already discussed in many talks here)

Now the question Is:

How can we improve our searches”

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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mproving our pipelines...(thanks to Al?)

A&A 676, A75(2023)
RFlare becommg G mMajor oroplem... p\qcmg Unintended electromagnetic radiation from Starlink
our telescopes in the middle of nowhere is satellites detected with LOFAR between 110 and 188 MHz
beCOﬂ|rg I”]S JﬁlceﬂtfrOW a pO‘ltCC” (O F. DiVruno'.2*, (1) B. Winkel>2*, (0 C. G.Bassa®*, (1 G.l. G.J6zsa>2>*, () M. A. Brentjens?,

() A. Jessner3 and S. Garrington®*

standpoint our little community can do little...

we'll have to get by... hence improving our
mitigation strategies... S commacton

bottleneck
down 3
| | down1 down-2 up-2
' own- up-1 .
RFl-corrupted  Ne2d tail Restored
dynamic spectrum dynamic spectrum
. Conv2d Strided Convad

. Residual x4 . Transposed Conv2d

Zhang+24 (A&C)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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mproving our pipelines.. (thanks to AI7?

Extract Burst based on object detection True

Preprecess
A

The FRB search is very expensive (in time)... to
oe in a real-time regime one must deploy top e,
tier HPC facilities (hence very expensive in P
money)... it is essential to optimise our searches | PR T PR

Inpus Input Conv

Probability

RosNet18

Extract Burst based on object detection False

Figure 2. The workflow of DRAFTS.
Zhang+24 (Ap)J)

The dedispersion stage is the most time
consuming... maybe Al-powered non
dedispersed searches?

Flux Dénsity (y)

Frequency (MHz)

TV v A A
; -—24—16 -—8 0 8 2432

0 200 400 600 800 1000 120 Lo
Time (ms)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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More powertul telescopes... (for the FRB-Italy community)

CHORD Core
512x6m

——

e 10 L A

'S . ™~
' Outrigger Station |,
W dctard cuengger

SIS
SGISES Frawrad | wisesznd osrigoar
FHEEE P Edub
GPEIE = 9@9@@
Eegafs Ste $’-9" .,r%. r’,; e
GG P L A
i

(See Gianni's talk) C H§R D (See Andrea’s talk)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Pushing the parameter search space...
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Nimmo+21 (NatAs) Time i )
CHIME/FRB+22 (Nature) Dobie+24 (MNRAS)

This is a Galactic transient!

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Pushing the parameter search space...
- I

T In .

n frequency... g
gL ; e i

+ multi-frequency (see ;

Mauras & Lucas reviews) i :
1

Gajjar+18 (ApJ)
Kumar+21 (MNRAS)

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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“ushing the parameter search space...

n space...
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Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Cushing the parameter search space...

FRBs as pulsars are polarised sources

Stokes QU\V could be searched for

More resilience against RF|

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)

Beyond the Stokes I
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Final Thoughts

- As in many other cases in astronomy, the discovery of FRBs was a highly serendipitous
process. Luck played a fundamental role, but it was patience and perseverance that allowed
us to confirm their astrophysical origin

- That same perseverance led to the development of sophisticated search strategies and
telescopes, which now enable the detection of several new FRBs each day

 Efforts are ongoing, and with the next generation of radio telescopes, we expect to increase
this number by at least an order of magnitude

- However, significant challenges lie ahead: growing radio-frequency interference (RFl), the
need to process massive data volumes in real time, and managing the increasing number of
daily discoveries

- There remains a vast, unexplored parameter space — large, uncharted territories waiting to
be discovered

Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)
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Babar spent days processing his carefully Gastone is enjoying the FRB he found in
designed observations, only to find badly sampled 10-minute filterbank... so

nothing... lots of frustration! _'h I lucky!
allk YOU“ ﬁlialbidi |

GASTONE E
L'ECLISSI DI FORTUNA

¥
A\
) ¥E

But in one another single observation of
30 mins he detected a storm of 350
bursts! All his efforts payed! Matteo Trudu FRB-Italy 2025 (7-9 May, Bologna)

However, without a proper strategy,
Gastone never discovered again an FRB...



