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FAST RADIO BURSTS

ASTROPHYSICAL MYSTERY!

Short + Bright Radio Emission (few repeat!)
525 = 30 (stat.) +132_441 (sys.)] sky~! day-!

(>5 Jy-ms @ 600 MHz, CHIME/FRB Collaboration+ 2021)
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ASTROPHYSICAL MYSTERY! Y
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- Computationally expensive search

" Proxy for distance
(after subtracting MW DM)



FAST RADIO BURSTS

EXTRAGALACTIC LOCATIONS

Electron Distribution in the Milky Way
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Yao et al 2017

Halpha, continuum radio
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FRB 20201124A
FAST RADIO BURSTS z=0.098

(Multiple groups)
Fig from Ravi et al 2021

EXTRAGALACTIC LOCATIONS

Chatterjee .. SPT et al 2017

Tendulkar et al 2017 z=0.197 , Prochaska et al.
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COSMOLOGICAL PROBES

» Polarized radio waves

» Interacts with every electron and B-
field /'
o —3 7

—0
O\>
Earth / FRB Source

Also probe environments around the
FRB (Michilli+ Nature 2018)

» Turbulence, baryon distribution
» Hell reionization at z~3
» Magnetic field distributions

» Gravitational lensing



FAST RADIO BURSTS

WHAT ARE THEY?

» ~1010-12 times brighter
than Crab giant pulses

» Magnetar? NS Binary?
More exotic?

Magnetic field reconnection/
star quake

Merger/Coalescence

Interaction with asteroid/

axion nugget
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Cosmic string cusps

Interaction with winds
or radiative shocks

from pulsars, OB stars,
AGNe




FAST RADIO BURSTS

REPEATERS AND NON-REPEATERS

* Some FRBs repeat — same position, almost the same DM
Most FRBs haven’t been seen to repeat

Despite ~101 — 103 hrs of obs

" Are they different populations? or different ends of the same
population?

population

rate parameter



FINDING FRBS



FAST RADIO BURSTS

CHALLENGES IN FINDING FRBS

750

700

1z)

650

» Millisecond timescales smeared
out over 10-20 seconds!
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» Signal dilution by a factor of soc
~104! “
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» Dedispersion, pulse width, ... are Time
not apriori known

0
0
» Large search space 0
600.2

» Radio frequency interference (RFI) o
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» Supreme enemy of all radio 02
aStrOnomerS o 0 32 64 % 128 160 192 224 256




CHIME TELESCOPE

CHIME PARAMETERS

» SKA Pathfinder

» 4 Cylinders - 20m x 100m each
(like ORT, but flat and stationary)

» 1024 dual-polarization feeds

11

Bandpass 400 MHz 800 MHz

Beam Size 0.52° 0.26°
E-W FoV 2.5° 1.3°
N-S FoV ~100°

A 0.75m 37.5cm

chime-experiment.ca

- e e
W AR .



pEERUn CHIME/FRB
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CHIME/FRB

1 Dish + 1D Interferometry on 256x4 feeds

FFT Beam'forming (Tegmark & Zaldarriaga, 2008, 2010)

Hydisid -B & Ehirfenteiragmetryson 256 feedss)

PEinBepdetonaibghsagibBraeticibeemalignment

RyaIs Bl s atotBiwEictp smed beamsdzoV]
Sky Coverage ~250 sq. Degrees

P o S
7 -~ 700 MV
’ | ’ 500V
a.aaqﬂa
@Cherry Ng " Obsery

35.0
34,5
34.0
33.5
1.0
0.5
0.0
-0.5
-1.0




CHIME TELESCOPE

CHIME/Cosmology

Full N2 visibility matrix
10s cadence

* 210 TB/day

Real time flagging
& gain calibration

Data compression
through redundant
baselines (1 TB/day)

14

l Simultaneous observations

CHIME/Pulsar

10 tracking beams
Track galactic pulsars daily

© 2.56 ys cadence, 1024 freq.
channels, 2 polarizations

" 10 x 6.4 Gbps

Data compression though
folding — 672 GB/day

NOTE THE ENORMOUS DATA VOLUMES!

CHIME/FRB

" 1024 FFT-formed
stationary intensity beams

0.983 ms cadence
" 16384x 24.4 kHz channels

" 130 Gb/s (intensity)
800 GB/s (baseband)

" 1.5 PB/day

Also new backends coming up — slow pulsar search, slow transient search



CHIME/FRB 15

CHIME/Cosmology CHIME/Pulsar _

FFT Beamforming + Upchannelization
RFI Excision + Incoherent Dedispersion
MultiBeam Analysis + Science Actions
Databases + Offline Processing

WE WILL RETURN TO RFI EXCISION, DEDISPERSION IN DETAIL



CHIME TELESCOPE

l

Analog Receiver Chain

l

FPGA Channelizer

l

GPU Correlator

l

Realtime Backends

l

Science

Reflector design led by CHIME Team @ UBC

16



CHIME TELESCOPE 17

'A'A" L"A\"AWA'A“ V/A\'/

LSRRV AR v AR A B0V ARERY DY SEEY/ S8 7 amanm

RefleCtor : vertical balun [ -' R # ! ” ‘;7 - E .A‘.'
Antenna  LowNoise Focal Line:
\r Amplifier

| > i

L~ :

FPGA Channelizer

l 3.95m Filter + Amp Block om

k Coax . Coax
GPU Correlator ADG < ,—< }—< ‘—l_l—(

l RF-Tight Room

Realtime Backends @ e Tes 71 e

X \-J//
ML 2 5" et
l N f'-' y . A . A \‘/ 1

Science

\

e & A

@SethSiegel il b A 80 L y




CHIME TELESCOPE 18

Motherboard - 16 Analog Inputs CHIME Quadrant - 512 Inputs

Reflector
Analog Receiver Chain . i

l

GPU Correlator

l

Realtime Backends

l

. ) : 5 & & B A e 3 S 3 [
Science LT P O i i Be i

A C 000 0D0000DCOVDULYVY OO0 OOCO0OC |

FPGA Development led by J.F. Cliche under Prof. Matt Dobbs and his team @ McGill

@SethSiegel
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Reflector

l

Analog Receiver Chain

l

FPGA Channelizer

:

GPU Correlator

l

Realtime Backends

l

Science

@SethSiegel



CHIME TELESCOPE 20
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Reflector

l

Analog Receiver Chain

l

FPGA Channelizer

l

[ GP Correlator | o A
Realtime£ackends ] 256 NOdeS W/1 024 PUS + 328 TB Of RAM
l " Processes 800 GB/s & ~40s Baseband Buffer
Science

"~ Produces data products from all realtime
Development lead by Andre
Renard with CHIME Team baCkendS

Members under Prof. Keith
Vanderline @ UofT ) https://github.com/kotekan/kotekan



CHIME TELESCOPE

Reflector

l

Analog Receiver Chain

l

FPGA Channelizer

l

GPU Correlator

=

l

Science

21






CHIME/FRB SOFTWARE

SCIENCE PIPELINE

» Can manage millions of triggers/s

» Find the one trigger which is the FRB!

256
240
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3:53 5:16 6:40 8:03

UTC Time (2018-11-30)
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@AlexJosephy



DOING SCIENCE

24



Declination (J2000)

FRB CATALOG

CHIME FRB CATALOG

25

Catalog and Data —> https://www.chime-frb.ca/catalog

» 535 FRBs characterised from July 2018 — July 2019
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CHIME FRB CATALOG
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» Some FRBs are
broadband and single
component
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» Others have multiple
components and are |
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FRB MORPHOLOGY

27

FRB ARCHETYPES

Single component, Single component, Multiple components  Multiple components
broadband narrowband similar spectra downward drifting

s

jwwﬁﬂw
A e e
700 MERARITMEE ST A | .
OFTEN SEEN FROM e e B .
20 NON-REPEATERS | UFTElN SEENI FRUMlREPEATERS |
-25 0 29
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Time [ms] Time [ms] Time [ms] Time [ms]

1

800
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|

Beware of beam effects —> see the details Pleunis et al (2021)
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Frobabilily

=100

Power-law-like spectrum
>

~150 -

200

Spectral Running

—300 A

_ <4 One-oT events (471)
—350 A I

+ Repeater busis (5) | REPEATER BURSTS ARE
ok | T evepeserdeeams (9 | TEMPORALLY WIDER AND
0 : " ’ : % SPECTRALLY NARROWBAND

Intrinsic Width (ms)
< >

Gaussian-like spectrum
<

Narrow pulse Broad pulse Pleunis et al (2021)



FRB MORPHOLOGY

TWO POPULATIONS?

» There are some differences between bursts from repeaters
and "as-yet” non-repeaters

» Can burst properties change with repetition rate?

Rapid repeaters —> complex bursts, Rare repeaters —> simple bursts?

» Can this be propagation or beaming effects?

Narrower beaming —> rarer repetition —> simple bursts?

» On-going studies with polarisation differences, rates etc...

» Could help guide repeater follow up

(but avoid biasing catalogs!)

29



Reduced chi2

PERIODICITY
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CHIME/FRB Collaboration (2020)
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PERIODIC BURST ACTIVITY o

£
2" | AT "
8 P Jv , ‘ |
" Source shows activity at 16.35 day o 14 *
period -
().?iﬁ (].T")() ().;35
" Bursts arrive in a 4 day window (at i )
400-800 MHz) Rl IR R
o 349.5 - .i {
< 149 () + ! ' . '
" Duty cycle is not 100% = W01 . ‘» b
348.5 4
"~ Timescale — rotation? orbit? precession? o 10 ANl -
u C
5 7
" Is there another underlying o .
. o
periodicity? L 4
£
-]
FRB 121102 WAS ALSO FOUND T0 BE z 7
PERIODIC WITH 160-DAY PERIOD 0.5 L0 52
(RAJWADE ET AL 2020, CRUCES ET AL 2020) Phase

Plot by Bridget Anderson, Ziggy Pleunis, Dongzi Li



First deteCtion Of FRBs at 400 MHz (CHIME/FRB Collaboration et al 2018a)
1 7 new re peating FRBS (CHIME/FRB Collaboration et al 2018b, 2019, Fonseca et al 2020)

1635 day periOdiC aCtiVity in FRB 1 8091 6 (CHIME/FRB Collaboration et al

2020a)

A GaIaCtiC FRB from SGR 1 935+21 54 (CHIME/FRB Collaboration et al 2020b)
Seven new Galactic RRATs and a binary pulsar (Good et al 2020)

A repeater in M81 at 3.6 Mpc! (Bhardwaj et al 2021, Kirsten et al 2022)

First catalog paper and related papers on FRB
populations published last year



CHIME/FRB Catalog, rate, logN/logS
FRB Morphology (Pleunis et al 2021)

Scattering properties of FRBs (Chawla et al 2021)

Galactic distribution of FRBs (Josephy et al 2021)
—> Observed FRB distribution is not affected by the Milky Way

Cross-correlation of FRBs with galaxy catalogs (Ravandi-Rafiei et al

2021)
—> FRB positions correlate with haloes in 0.3s2<0.5

—> Small population of FRBs with DM_host ~ 400 pc cm-3



FAST RADIO BURSTS

WHAT ARE THEY?

» ~1010-12 times brighter
than Crab giant pulses

» Magnetar? NS Binary?
More exotic?

Magnetic field reconnection/
star quake

Merger/Coalescence

Interaction with asteroid/

axion nugget
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Cosmic string cusps

Interaction with winds
or radiative shocks

from pulsars, OB stars,
AGNe




INTERESTING FRBS -
IMPLICATING MAGNETARS S

» First repeating FRB in a low metallicity |
dwarf galaxy '

» Low metallicity —> long GRBs and
superluminous supernovae (SLSNe-I)

» Millisecond magnetar model
Co-located with a very bright

» Doesn't\ COULD GALACTIC MAGNETARS GIVE 7=~ ===
» 160-day pe SUCH BURSTS?

2020)

e
» 16.5 day periodic activity in FRB 180916 © | |8

CHIME/FRB Collaboration (2020)

» What is this periodicity? We don’t know

Metzger et al (2019), Margalit et al (2018)



FAST RADIO BURSTS

36

A GALACTIC “FRB"

> Since Nov 2019: _
SGR 1935+2154 active f;
X-ray flares/bursts %’
- 28th April 2020: CHIME/FRB

detected a very bright radio

burst (also detected by STARE2)

* Lower end of the energetics
(still MJy!)

> First FRB from a canonical
magnetar

CHIME/FRB Collaboration (2020)
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FAST RADIO BURSTS

A GALACTIC “FRB”

» Multi-peaked 'hard’ X-ray burst just after radio

25 354
w-

20 - 25
- Peak 2 20
Ig \
2 15 - , ‘ 15+
=
o 10
§ Peak 3
% 10 - Peak 1 H-m / 5-;’;‘_' } }\

\ | 0 v r v . .
Mﬂ 040 042 044 046 048 050
o —— | ﬁ I\ ——

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Mereghetti et al (2020) seconds since 2020-04-28T14:34:24.0 UTC, geocenter
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A GALACTIC “FRB”

» Multi-peaked "hard’ X-ray burst just after radio
» BUT — many other X-ray bursts w/o radio (crime/rre coll 2020, Lin et al 2020)

» Many radio bursts w/o X-ray (cHIME/FRs Coll. 2020, Kirsten et al 2020)

137571635 332.71 pcfcc 137571703 332.65 pc/cc 137571713 332.66 pccc
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Another radio +
2022

X-ray burst from SGR 1935+2154: 14th Oct

CHIME/FRB Detection of a Bright Radio Burst from SGR
1935+2154

ATel F15881, Fenggiv Adam Dong (Umiversily of Brilish Columbia), on behall of the
CHIME/FRB Collabaration
on 18 Qet 2022; 02:09 UT
Distributed &s an instent Emall Notice Transients
Cradential Cantification: Kaitiyn Shin (kshin@mit.edu,

Subjects: Radio, X-ray, Gamma Ray. Nautron Star, Soft Gamma-ray Repaater, Star,
Transient, Pulsar, Fasl Radio Burst, Magnelar

)
r .

GECAM and HEBS detection of a short X-ray burst from
SGR J1935+2154 assaciated with radio burst

Alel #16682: C. W. Wang, §. L. Xiong, Y. Q. Zhang G. Liu, C. Zheng, W. C. Xue, W

J
J Tan, S. L. Xie, Q. B. Yi, Y. Zhao, Y. Wang, C. Cai, S. Xiao, Y. Huanqg, X. Ma, R. Qiaa

R Wang, X. Y. Zhao, P. Zhang, X. Q. Li, X. Y. Wen, W. X, Pang, L. M. Song, S. J. Zhang

r
LY LL, X B. U, J. Liang, ¥. Q. Lu, J. Wang, H. Wu, X. Y. Sang, W. H

Y. Fang, M. Gao, K. Gong, X. J. Liu, Y. Q. Liu, X. L. Sun, J. Z.

y

Y. Ligo, G. Chen, F. J.

-

. Yang, D. L. Zhang, F. Zhang, C. K. L, G. Li, J
, 5. N. Zhang (MHEP) repart on behalf of GECAM and HEBS leams:
on 15 Oct 2022; 06:35 UT
Credential Ceriification: Yu-Peng Chen (chenyp@hep.ac.cn)

Subjects: Gamma Ray, Gamma-Ray Burst, Neutron Star

Konus-Wind detection of a short X-ray burst coincident
with a bright radio burst from SGR 1935+2154

ATel #15886; D. Frederiks, A. Pidnala, D. Svinkin, A. Lysenko, M non (a

and A. Tsvelkoy Tor 3 o'Uriversiy

o0 16 Cot 2022; 1551 UT
Croadential Cortification. Dmitry Frededks (fred @ rmall lofe.ru)

Subjects X-ray, Gamma Hay, Nedtron S, Scit Gammna-rzy Repoaler, “ast Fadio Burst,

Magnetar

Konus-Wind (KW) detected a shoat Xeray burston 222-1014 in tme inerval Yom

T2V IU2US LTC 01921 42.14% UTC COmecsed 1 INg propaganon rom w-Eanmn
ortit 10 Wind (~1.05 1), the >urst amival ime Is consistent with the detecion Sme of 2 bright
short X-mry burst from SGR 153542154, reportad by GECAV and HEBS (Alel ¢

which, in turn, & consisient with the dedspersed topocentric time of a baght radio burst
dolected from SGR 133542154 by CHINE (Aldl #1 ). The event was detected by KW

14th October 2022

e Broad spectrum coverage
(thermal/non-thermal?)

e Bursts from magnetars in
nearby galaxies



Another radio + X-ray burst from SGR 1935+2154: 14th Oct
2022

. rst from SGR
[ Previous | Next ] stirom SG

GBT detection of bright 5 GHz radio bursts from SGR """
1935+2154, coincident with X-ray and 600 MHz bursts

Konus-Wind detection of a short X-ray burst coincident
with a bright radio burst from SGR 1935+2154

ATel #15686; D. Froderiks, A. A
Insytut

oo 16 Cot 2022; 1551 UT
' Crodential Cortification: Dmitry Fredecks (fred @ mal iofe.ru)

lU,l Subjects X-ray, Gamma Hay, Neutron Star, Scit Gamma-rzy Repoaler, “ast Fadio Burst,

ATel #15697;, Yogesh Maan (NCRA - TIFR, India), Joeri van Leeuwen (ASTRON, NL),
Samayra Straal (NYU Abu Dhabi, UAE) and Ines Pastor-Marazuela (UvA, NL)
on 19 Oct 2022; 13:45 UT
Credential Certification: Yogesh Maan (maan@astron.nl)

Magnetar

lepaa!e. ’ Star: Konus-Wind (KW) detected a short Xeray burston 2022-1014 in tme inerval ¥om

1M1 32US LTC 01921 42,14y UTC COmecmed 1 N propaganon rom w-Eann
ortit 10 Wind (~1.05 1), the >urst amival ime Is consistent with the detecion Sme of 2 bright
short X-mry burst from SGR 153542154, reportad by GECAV and HEBS (Alel ¢

which, in turn, & consisient with the dedspersed topocentric time of a baght radio burst
delocted from SGR 133542154 by CHINE (Atel #15081). The event was detected by KW

Subjects: Radio, X-ray, Neutron Star, Soft Gamma-ray Repeater, Transient, Magnetar 'burst from 14th October 2022

burst
Referred to by ATel #: 15698

ng, W. C. Xue, W
1. X. Ma, R. Qiaa

Triggered by recent X-ray activity (GCN #32675, ATel #15667, #15672), we observed SGR iong. S. J. Zhang e Broad spectrum coverage
1935+2154 with the Green Bank Telescope (GBT) on 2022 Oct 14. During a C-Band e (thermal/non-thermal?)
session, we detected at least 5 bursts with high signal to noise ratio. All these bursts were /a0, G. Chen, £ J.
detected within a time span of 1.5 seconds, i.e., well within one rotation of the magnetar, IS teams:

but over a range of phases. Throughout the entire duration of the two brightest bursts, the <7

receiver system is clearly strongly saturated.

e Bursts from magnetars in
nearby galaxies
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50 DOES THAT SOLVE ALL OUR PROBLEMS?

» SGR 1935+2154-like magnetars likely don’t explain all FRBs

» The occurrence rate may be consistent with the volumetric rate
as a population

» But individual FRBs (repeaters and non-repeaters) have
behavior/activity that SGR 1935+2154 (or other magnetars)
have not replicated
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» Detecting FRBs is not enough Az N

» Working hard on automated pipelines for characterisation

» Working on repeater paper 3 and catalog 2.

» VLBI telescopes are built for small field of view
Cannot find non-repeating FRBs efficiently

» CHIME/FRB building outrigger telescopes

Get 50 mas localization for every FRB (repeater and non-repeater)

» Aim to get ~1000 localized FRBs every year in 2 years
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FRB VUEVENTS Led by Andrew Zwaniga

» FRB VOEvent stream from
CHIME/FRB is now public

» Real-time, low latency (~30
seconds including DM sweep)  meeasmeome

» Includes initial information:
rough position (~30 arcmin),
SNR, DM, quality factors, etc.

https://chime-frb-open-data.github.io/voevents/

» Great for rapid follow up for prompt
counterparts



Current limits on BNS-like mergers at the CHIME/ T
FRB catalog 1 20| T Aleed Spia NSB4
Search range = (-600 s, +120 s)

Modeled + un We need to find the

Future runs wil  nearest and brightest |
likelihood of d FRBs (<100 Mpc) D tusion Disioes (o)

LVK + CHIME/FRB Collaborations (2022)

of FRBs

Possible association of GW190425z (BNS merger)
with FRB 20190425A (2.5 hrs post merger) Moroianu

et al (2022)
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ALL SKY TRANSIENT RADIO ARRAY (ASTRA)

» Nearest and brightest FRBs are key to understanding the

origins (Farther FRBs are good as probes)

» Brightest FRBs —> Most likely to have optical, X-ray
counterparts (e.g. SGR 1935+2154)

» Also EM/GW counterparts

LIGO binary NS merger horizon is 200 Mpc . z
& 700 :
» Need to cast a very wide net 2= i
g 600 =
2 =
li_‘_’ 500 £ -
CHIME/FRB sidelobe detection. 400

-15 0 15 30 45 =15 O 15 30 45

Blips caused due to the diffraction lobes
Time + 28 April 2020 14:34:33.04672 utc (ms)
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Daksha (“Alert”)

Proposed mission from IITB, TIFR,
PRL, RRI and ISRO (Phase 1 funded)

Two satellites with an all-sky view for
X-ray transients

1keV to 1 MeV coverage; 1300 sg cm
at 50 keV

Helps us find gamma-ray bursts,
magnetar flares, FRB counterparts

Sensitivity of Swift-BAT, but across the
entire sky
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CONCLUSIONS AND SUMMARY

» Significant differences
between bursts from
repeaters and as-yet

non-repeaters (but don't
necessarily mean astrophysical different u I‘gent|y needed

channels)

» Multi-wavelength and
multimessenger counterparts are

» Working on localising FRBs,
finding the nearest and brightest
ones

» Some (or most) FRBs
could be coming from
magnetars



THANK YOU
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Bassa et al (2017) 51

FRB ENVIRONMENTS

POSITIONAL OFFSET

4 VLBI pOSitiOn (5 mas; Marcote...SPT et al 2017)

» Near a star-forming knot in an irregular
galaxy (Bassa, SPT et al 2017)

» AO imaging (kokubo et al 2017)

» 260 pc offset between the peak star 28 |
forming region g 2o |
& 4

22 +

2 F

1.4 1.2 1 0.8 0.6 0.4
Kokubo et al (2017) AR.A. [arcsec]
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MODELS

Orbital Period

Observer

a
A

53
a? @

r(f) = rycsc B3| 1 + (x - &) cot8)
Contact discontinuity

Photosphere for—_»
induced scatterings

Pulsar in orbit around an OB star: Lyutikov et al (2020).

Similar model: loka & Zhang(2020).
Simulations from Bosch-Ramon et al. (2015)

Certainly possible, HMXBs, Gamma-ray binaries, have
few day to 100-day periods



——

PERIODICITY

MODELS

Rotation Period of isolated magnetar

10-2 \ Typical active

10 10% 10 10 10* 10°
t[yr]

Ultra-long period magnetars (Beniamini et al 2020)

age for Galactic
magnetars

53

.....

—L_‘__.—
1.3

Time [hr)

6.67 hr period from 1E161348-5055 (De Luca et al 2006)

Canonical magnetars
could slow down soon
after birth through a
loaded wind

Ote 57!

(0.5-0 «eV!



PERIODICITY

MODELS

Precession Period

wob l)lts :
\A \
\
! W,
# |
\\\._ (c

Hyperactive magnetar
with 101¢ G field
Levin et al (2020)

54

A very strong magnetic field (1016 G)
diffuses and causes warps and
deformations.

—> Wobbling and precession
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PERIODICIW IN FRB 121102 100

ol D ”m W]‘ { Apparent periodicity of 157 days

o (Rajwade et al 2020)
a " 1 . Confirmed: 161+/- 5 days
50 . . ; * (Cruces et al 2020)
o : ¥R ; :
“R |} | ﬂj;‘;'j;j;m i Reallylong for rotation!
56500 57000 3:8'[:;0 5800 8500

1 30 10M] A0H)

Rajwade et al 2020
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PERIODICITY IN FRB 121102 TOO

161 day period:

Hard to explain for rotation and precession — but
achievable through tweaking B-field

Natural for orbital periods

Rajwade et al 2020

.. '
=021 i
1 1
= :
= ! /
20(.1 | : :
- ! ! ' ‘ I
= : ‘ . ‘ |
k= . i
R{L)
. ( ]

1] A0 10M]

Trial period (davs & 15664
Rajwade et al 2020 [rial period (days) 3.9 ¢



FRB 180916
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IS FRB 180916 A BINARY?

FllOW# e

Tendulkar et al (2020), in review



FRB 180916
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IS FRB 180916 A BINARY?

Halpha traces star-
formation rate via young,
massive, bright stars

Halpha at the FRB location
constrained to 1037 erg/s

—> SFR < 10-4 Msun/year

—> Any star > O6V

Tendulkar et al (2020), in review




DEC (12000)

FRB 180916 59

IFU SPECTROSCOPY

DEL [LAX0)

oMy s N oA N " " L X10_17
- ' —— Y [ o . 65°43' 05 = . 1
WS 4] WPC3/F110Vi b) Cortinwum + W=C3,/F1l0W 2" ¢) Ha flux + WFC3/F110W v
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L
co” o o 00”4 20
= - =
o
] i g
- w ~ 1.5
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125y 42'55" 4
1.0
.
- 0.5
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00 0140
10720 10120
9" e
LN v v v v )
153015 oL 0.5 oLy ye
RA 112000 RA ' 1200%

V-shaped structure is a part of the spiral arm, not separate satellite galaxy Little star formation at FRB location

erg s~ cm~?/spaxel
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WHERE DOES THE 250 PC OFFSET COME FROM?

A 250 pc offset from a star-
forming region is significant

Magnetars are young (<10 kyr)
Found near SF regions

Magnetar scale height —>
20-30 pc (little dispersion)

10 15 20 25 ao
Galactic Latitude (degregs)

T
-
z - —_—
v‘la/’
27
’ l

L 1
-200 200

Galectic Height, z (pc)

Olausen & Kaspi (2014)
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WHERE DOES THE 250 PC OFFSET COME FROM?

A 250 pc offset from a star- 10°:
forming region is significant |

(km s71)

ity

Magnetars are young (<10 kyr)
Found near SF regions

Magnetar scale height —> = Pusars/Magnetars//

=
o
N

Transverse veloc

. BH/NS Binaries

20-30 pc (little dispersion) 10! e

Offset from birth site (pc)

HMXBs show ~400 pc offsets

from nea rby SF regions (Bodaghee & Age is not an issue since activity is driven by
the orbit not by the magnetar’s flaring
Tomsick 2014)



FRB ENVIRONMENTS

50 WHAT CAN IT BE

» Unlikely to be Galactic magnetar analog unless

» magnetar formed from a runaway OB star?

few % of OB stars are ejected at high velocities, live for few Myr, enough time to travel 250 pc
much lower rate of formation

» Magnetar formed from alternative mechanisms (AIC?)

also much lower rate

» Periodicity, position all suggest OB star binary

late O or early B star (fainter than O6V)

62



ARE REPEATERS A SEPARATE POPULATION?

HOST CHARACTERISTICS ot o

Active/Star-forming Quiescent
SR EAREEE | FRB 190613: z=0.8 FRB 190523; z=0.66 FRB 181112; 2=0.475 FRB 180924; z=0.321 ‘
- q = [

EBB,.-‘I 21102; z=0.193

‘-\ . N 7

R
" /"

Probabilistic association
(R4 — NGC 3252, 20 Mpc)



http://frbhosts.org

ARE REPEATERS A SEPARATE POPULATION?

64

HOST CHARACTERISTICS

Range of host properties, but
repeater hosts are typically lighter

3.07 @ One-off FRBs (Sample A)
O One-off FRBs (other)

## Repeaters
25 - Early-type i

|
A

= 2.0-
wn
()
=
“ Late-type i +
| 1.5- il 1 +
> .+
1.0 -
0.5 -
_16 _17 _18 _19 ~20 _21
M, (rest)

Heintz et al (2020)

log SFR (Mg yr—1)

2.0

1.5 -

1.0 A

@ One-off FRBs (Sample A)

O One-off FRBs (other)

#f Repeaters
8 9 1IO 1I1 1I2
log (M./Mg)
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IMPORTANCE OF VLBI + HST

» Statistically, FRB host properties are consistent with all Galactic
magnetars (Bochenek et al 2020)

» But so are HMXBs

No difference unless you look very closely

» Similar relation to SFR, stellar mass, even offsets from galaxy
centers etc

» Understanding the local environment of FRBs is crucial
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FOCUS ON THE NEAREST FRBS

» Even with VLBI and HST, need a sample of the nearest FRBs

» Also likely to be bright and have X-ray/optical counterparts

» An FRB at z=1 is not useful for understanding mechanisms but
is useful for cosmology without needing VLBI

» An FRB at 20 Mpc is the inverse

» CHIME/FRB detecting more and more repeaters, localizing
them with VLB

Can’t do this for non-repeaters! :(



FRB ENVIRONMENTS

VLBI FOR NON-REPEATERS

» VLBI telescopes are built for small field of view
Cannot find non-repeating FRBs efficiently

» CHIME/FRB building outrigger telescopes

Get 50 mas localization for every FRB (repeater and non-repeater)

» Aim to get ~1000 localized FRBs every year in 2 years!

67



CONCLUSIONS

CONCLUSIONS

It is not sufficient to know which galaxy an FRB is
coming from

The local environment of FRBs is crucial to understand
their astrophysical origins

We have to focus on detecting and localizing the
nearest FRBs

68



TEXT 5

a
Neutron star—
Superluminous  neutrcn star
Long GI:: supemova merger
OGS progenitor  (short GRR)
progenitar

Zhang, B. (2020, Nature review article)
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2x4 beams

Request beam
L1 Sender Node ’ duplication

API

beam,, beamy+1, beamp4+o, beamp 43

beamy +4, beam,+5, beam, s+, beamp 47

Inject
pulse

b‘ 1x4 beam
i : duplication

.
..........

L1' Receiver

Duplicated beam headers

Injection

e —
e —
Injection

A

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Injection
Driver

To L4
L2/L3 Node —
Update Detection
active parameters
injections

Database

Injection
parameters

Injection
population
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Intensity [a.u.]

500

600
Frequency (MHz]

700

800



LATITUDE DISTRIBUTION

1.0
0.8 - -
i, 0.6 === Exposure . .
a 1 - Detections
“0.4- Mocks; 20 - '
0.21 Sensitivity cut = 0.2 cut=06 |
0.0 Sample size, N = 81 N = 213
o 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90
|Galactic Latitude| (deg.) |Galactic Latitude| (deg.) |Galactic Latitude| (deg.) |Galactic Latitude| (deg.)
1.0
0.8 . - -
i 06 - - -
‘ g
© 5’
0.4 . : :
. /"
0.2- Sensitivity cut = 0.2 ) / cut = 0.4 ) / cut = 0.6 ) cut = 0.8
00 ‘ Sample size, N = 81 N =172 N =213 N = 160
0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90

Declination (deg.)

Declination (deg.)

Declination (deg.)

Declination (deg.)



LATITUDE DISTRIBUTION

Galactic coordinates; Mollweide projection

Latitude
<

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

—_
I
o)
g o
o

Longitude

R
0.0 02 04 06 0.8 1.0

Normalized Sensitivity
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Exposure (haours)

EXPOSURE

74

Declination (deq.)

-10 0 10 20 30 40 50 60 70 80 90 80 70
3 Upper Transit 1 [ Upper Transit 3
10~ - . - . F 10
5 Lower Transit ; . Lower Transit f
w
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: g
L 'h . 3
. wn
|‘o ‘ | ) o
te 4 ksl o £ i "‘f ? "H T | 3
1004 1 ‘H : Inel | | -‘ - 10t w
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DOWNWARD DRIFT VS SEPARATION

SGR 193542154

-  One-off events
& & Repeater bursts

0

20 40 60 0 3

Sub-burst separation [ms]
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Brightness Temperature

ENERGETICS

Luminosity —

SokD? (Jy kpc?)

Pseudo luminosity

1019
1017
1015
1013
1011
10°
107
10°
103
10’
107"
1073
107

107”7

107°

107 10°® 107 1074 1072 10° 102 10% 100 108 10'0 10'2

Ti mescCa I Q ——mll vW(GHzs) Figure from Petroff et al (2019)



FAST RADIO BURSTS

WHAT ARE THEY?

» ~1010-12 times brighter
than Crab giant pulses

Fuel .

(stores energy)

Magnetic Field

Magnetic Reconnection

Rotational Energy

Magnetic Acceleration

Kinetic Energy

Shocks

Gravitational Potential

s

Mai page  Oscumson Mo Yawaseucs Vaw ey e
-
Mzin Page
L0 o "
Hodod n VIR O ®
ecllaborntion 1 CWAILL'NATAL
by B . MOAVID
with »
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1 Wb im b T FRAD Ty V!
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SIp——— o)
Welcome to the FRB Theary Wiki
Th2 s & CORSKrativg oYt Botedon thoerinty 40d StOermens O-aadusl ond Y0chk 1o s el GO vations
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http://frbtheorycat.org  Platts .. SPT et al 2019

Transmission

>

Engine

(sources energy)

(converts energy to EM)

Synchrotron Radiation

Curvature Radiation
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FRB SCATTERING

FRB SCATTERING

» There are many FRBs that are highly scattered!

N

1.75 { = Fiducial model

c
o .
= W Selection-corrected catalog
K ey :
& T 150
L
0 - o
= Fiducial madel x selection | = Lt
351 wj Raw catalog 27
- D
: o
—_
= 1.00-
X
R
1]
3 0.75 |
2 0.
E
-—
o
i
—
w
=
©
()
v

- 0.00 -
104 10-3 10-2 107! 10 10-3 102 10t

Scattering timescale (s) Scattering timescale (s)
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Number of Simulated FRBs

SIMULATING FRB SCATTERING Chawla P. et al (2021)

» Build a Universe, populate it with galaxies (spiral, elliptical, dwarf)

» Populate galaxies with FRB sources similar to pulsars, magnetars, SGRBs
etc.

i — <7’ Spiral - Magnetars 1.0 Spiral - Magnetars
= ==~ Spiral - Pulsars 5000 - "1 Spiral - Pulsars
= =] Spiral - Short GRBs i =" Spiral - Short GRBs
o
10% 5 l;-_-| 1 Dwarf ; 4000 A ] Dwarf
' Elliptical . Elliptical
l'a L
—— - |
10 5., g 3000
: R P B -
t".“.i, Y—
e ()
Tl = 2000 |
1_: 3
101 E '_}T_-:.“. 1ens, =
|====_s .. 3
. L..: < 1000 {._
.. -
lo) . —— - _:._.
T T T l-l- () VY y— v ™ v \am v Y —

Host DM (pc cm ) Scattering Time at 600 MHz (ms)
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ASTRA

82

Detection Threshold (Jy-ms)

ALL SKY TRANSIENT RADIO ARRAY (ASTRA)

ASTRA

/ " Array of open feeds between 400-500 MHz
Multiple stations separated by 10-30 km

" ~15000 sq deg FoV, 500 Jy-ms sensitivity

" Detect 1-2 ultra-bright FRBs per month
Sub-arcsecond localization

Also respond to external triggers (LIGO,
GCN, Daksha etc)

Pilot project development started at TIFR,

10€ <
2 - STARE2
105 Symbol size = localization precision 2
C
&
10 3
©
e}
10 §v
S @ ASAT
10 4
3 ® ASKAP
] ® CHIME/OT CHIME/FRE
10° -
; >
_ 75x larger FoV
10 - 1 ® uGMRT
10" 10! 107 107 10"

Field of View (sq deg)

NCRA, with help from RRI, ASIAA and other
collaborators
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Detection Threshold (Jy-ms)

ALL SKY TRANSIENT RADIO ARRAY (ASTRA)

/

10€ <
2 - STARE2
10° - Symbol size = localization precision 2
‘ c
~ &
107 3
) t
©
. el
10 4 SXV
Q' @ ASAT
107 4
: ® ASKAP
10* 4 « OWFA
] ® CHIME/OT CHIME/FRE
10° 4
: >
] 75x larger FoV
10+ 1 ® uGMRT
10° 10! 107 107 10°

Field of View (sq deg)

ASTRA

>

Needs 2000x signal chains.

How do we build and deploy inexpensive
analog chains?

How do we digitise and buffer 100 MHz of
data?

Needs new cheaper electronics



233
ASTRA S 33
3

ALL SKY TRANSIENT RADIO ARRAY (ASTR/
» 3 stations (more later) SNS;MZS” S E“:I;n“
Future expansion possible SSSTS<CHNNN
» 2 layouts of single polzn dipoles S ST KWW
- 3 B 3 S co

in a grid
» Analog systems designed for 400-800 MHz

» Digital systems designed for 100 MHz
(SNAP boards)

. Specifically required due to
» 300s voltage buffer for external + internal the uncertainty in BNS

triggers prompt emission models

» Trigger on alerts from LVK, Fermi, Daksha

S NN
- 2 N N A



FRB CATALOG

Galactic Longitude

....
....
e,

CHIME FRB CATALOG

» Wide range of on
sky exposure

10-2000 hrs

Galactic Latitude

° Non-Repeatin;;
& Repeating
x North Celestial Pole

10

» Do we see more
Exposure (Hours)
repeaters with more Galactic Longitude Galactic Longitude
143° 133° 123° 113° 103° 143° 133° 123° 113° 103
exposure? : -
» Decdistribution *" )
of repeaters and £ £
27 v
non-repeaters are = g
as yet consistent  °© © )1
17n - —_— RCRET T S P

CHIME/FRB Collaboration et al (ApJS 2022)

: Noh-Repeating
“: A Repeating
i x North Celestial Pole

= : : y : e —
10 20 50 100 200 500 10002000 10 20 50 100 700 500 10002000

Upper Transit Exposure (Hours) Lower Transit Exposure (Hours)
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REPEATERS VS NON-REPEATERS

Bl Non-Repeaters B Non-Repeaters
w9 First Repeats ¥ First Repeats

0 100 200 300 ‘ 0 20 40 60 80
Right Ascension (degrees) Declination (degrees)
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REPEATERS VS NON-REPEATERS

102 - B Non-Repeaters 102 -
' ¥ First Repeats '

Bl Non-Repeaters
¥ First Repeats

Counts
b
Q
Counts
[
o

0. 0.
10° | 1071 [

0 25 50 75 100 125 0 100 200 300 400 500
Bonsai SNR Fitburst SNR



FRB CATALOG

Property 8 Figure No. Pan pL,) PSpks
Right Ascension 5.1 10 0.22 0.24
Declination 5.1 10 0.55 0.49

DM 5.2 11 0.35 0.33

eDM* 5.2 11 0.34 0.24

bonsai SNR 5.3 12 0.65 .44

fitburst SNR 5.3 12 0.08 0.26

['luence 5.3 13 0.070 0.066

Flux 5.3 13 (.028 0.068
2D fluence vs eDM 5.3 0.099
2D flux vs eDM 5.3 0.43
Width® 5.4 14 7.3 x 107" 5.6 x 107"

Boxcar width 5.4 14 1.5 x 107 2.2 x 104
Bandwidth 5.4 15 1.3 x 104 23x10 4
Scattering time® 5.4 15 0.42 0.32

2D scattering time® vs e DM 5.4 0.10

88
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USE INJECTIONS TO MEASURE SENSITIVITY

» Characterise sensitivity (detection probability) w.r.t. DM, width,
fluence, scattering, sky position —> observationally corrected

distributions
e 10 = Fiducial medel
g |0 Seleclion-correcled calalog
2 05
o 0.8
un
0.0
mm iducial mode! X seleclion by
j Raw catalog 2
- 206
> Iy DM = 1000 pc/cm-3
[
o
8 § 9.4 CHIME/FRB rate is low at
> x H ~ -3
3 - high DM (>~2000 pc/cm-3)
a
0.0 — ! —
e 100 103
DM {pc cm~3) DM (pc am—)

CHIME/FRB Collaboration et al (ApJS 2022)
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USE INJECTIONS TO MEASURE SENSITIVITY

Beam corrected rate and power law index

1o°_

OBSERVED

R(> F) x F°
107 ~ 11
POWER LAW FIT ? 1.0
l%' 0.9
2 105 3
C:) — 08
O g
> 0.7
g 0.6
L

o
)

102 -1.8 -1.6 14 1.2 -1.0
SNR a

Consistent with Euclidean value (-1.5) but slight
change with DM (steep at high DM)

|
g
=

818 + 64 (stat.) J_f%g (sys.) FRBs/sky/day at fluence > 5 Jy-ms

at 600 MHz, with scattering time at 600 MHz under 10 ms,

and DM above 100 pc cm-3
CHIME/FRB Collaboration et al (ApJS 2022)
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FRB MORPHOLOGY

SIMULATING FRB SCATTERING

» None of the models fit
perfectly, but FRBs with a host
offset distribution like that of
SGRBs seems to fit best

» Needs additional sources of
scattering

» Circumgalactic medium or

» Extreme local environments

Chawla P. et al (2021)

IT IS REALLY HARD TO
REPLICATE THE OBSERVED
SCATTERING DISTRIBUTION.

EITHER FRBS ARE IN
EXTREME ENVIRONMENTS

OR
WE DON'T UNDERSTAND THE

SCATTERING PROPERTIES IN
AND AROUND GALAXIES

92
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VERY LOW SENSITIVITY TO BROAD & SCATTERED BURSTS

Find which are detected

4 CHIME/FRB PIPELINE >

—> Multi-dimensional selection function

Inject 105 FRBs with different parameters

Merryfield, Tendulkar, et al (in review)

~
M

1.75 4 == Fiducial model
wm Selection-corrected catalog

Selection
-
R
"
o

w—— Fiducial model x selection
331 wim Raw catalog

[
~
w

8

e
-~
w

Scattering timescale x Probability density
o
w
o

o 10 102 10 10+ 107 1072 10+
Scattering timescale (s) Scattering timescale (s)

CHIME/FRB Collaboration et al (2021)



FAST RADIO BURSTS

Sujay Mate, Kevin Luke,
Arvind Balasubramanian,
Yash Bhusare

NOT-SO-FAST RADIO BURSTS (NSFRBS)

~30 ms.
» Scattered FRBs,
» Possible WD bursts, M-dwarf flares
» EM counterparts of binary NS mergers

Separate pipeline searching from
~30 ms — ~5 seconds in timescale

CHIME/FRB is not very sensitive to bursts wider than

~N

Selection
[ )

= Fiducial madel x selection
[ Raw catalog

\ Hll1lo-'

10-3 10~
Scattering timescale (s)

95

Unexplored phase space

Currently building the pipeline,
piggybacking on CHIME/Slow Pulsar
Search

By (G)

Sridhar & Metzger (2021)

(8) Ve = 1.0 Gliz

Erap (erg)

[ [ [

o o (=]
- - .
- ™

-
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Sujay Mate, Kevin Luke,
FAST RADIO BURSTS Arvind Balasubramanian, 96
Yash Bhusare

NOT-SO-FAST RADIO BURSTS (NSFRBS)

» Pipeline built and tested at e

Visualisation

TIFR. Tuning on-going ra—

CHIME/FER

cald
- Event Clustering

» Pilot search to be done in the
coming months e—

Cornmvarsion

Simgle Fulse Ewenis

v RFl eleaning

128 ma dsta — Dedispersion

.~ v e Single puls=z search
] SiZ2medaty —

» 1800 beam-days of data will
be copied to TIFR &

processed offline

» 18k$ grant from Dunlap Institute (UoT) to put on-site
computing (with Z. Pleunis & P. Scholz)
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VERY LOW SENSITIVITY TO BROAD & SCATTERED BURSTS

» Using injections to retrain RFI removal ML code

» ~10x improvementin 10-50 ms FRB detection!

Inject 105 FRBs with different parameters Find which are detected
S CHIME/FRB PIPELINE >
—> Multi-dimensional selection function

S

w—— Fiducial model x selection

g 21 1.75 1 == Fiducial model

= wjm Selection-corrected catalog
21+ 5
7] £ g
2 1.50 3
U H
0
35 -

Scattering timescale x Probability density
o e = - -

10" 10" 0" 2
Scattering timescale (s) Scattering timescale (s)

CHIME/FRB Collaboration et al (2021)
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MULTIWAVELENGTH COUNTERPARTS

MULTIWAVELENGTH COUNTERPARTS

» Radio telescopes are too darn
sensitive

» Detect almost any cosmic blip
» Not very discerning

» Need more information about the
emission processes

» Multi-wavelength/multi-
messenger (MWMM) inputs are
crucial

» Links different transients together

“THERE IS NOTHING AS USELESS AS A RADIC SOURCE"
I CONDEN = 1 Of NEAD VLA BKY SURVEY

C. Law, quoting Jim Condon

1041-44 ergs

<<

1051-52 ergs
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PROMPT VS DELAYED

* f Harder to find

Cosmic explosion Within a few minutes/hours
(GRB, BNS merger, SN, ...)

*

‘ f Harder to
years - decades associate

Stable NS (or some remnant)



TEXT 101

X-RAYS/GAMMA-RAYS

» Multiple models for FRB -
short GRB connection

» Inspiral phase,
Actual merger,

POSt merger <105 0s 10 1005 1000 5
Rowlinson et al (2019)

time

g o
oy~ ‘\;,}i?‘*\\\ Pe Take away message
,':i’/ At X g, \\\ ' Lots of different models about when
/j::/ pa a2 \tubc \ \ '\ \ R: 2rger
My dce / w and how FRBs can form — before,
S EM\ o _during, or after BNS/NSBH mergers.
M / ) T SR o sm g \— v — ] rro g [P~ gy

\ -
\ 4 r
\ / h

_ With apologies for incompleteness

-~ - -~
—_— —_—

Wang et al (2016)



TEXT

X-RAYS/GAMMA-RAYS

» Multiple models for FRB -
short GRB connection

» Inspiral phase,
Actual merger,
Post merger

t
-~
il . b
RS

— —— “

S
-~ N
n. //’,/ \\}:‘:\\ N
S P4
/7
7 il G \
/’f p
.-"‘ \ FIUX \

N
\ \
l"rrprent \“‘bc \ \

<l /M\

5 M- / J
\‘. J /

r

~ 7 ~ 7
-~ - ~ -
—_—

102

time

<105 0s 10

1005 1000 s

Rowlinson et al (2019)

BUT:

Differential beaming, dirty
environments can prevent joint
detection of FRBs + GRBs

With apologies for iIncompleteness

merger



TEXT 10

FRB-GRB CONNECTION

Tirne [sec)

» Finding prompt X-ray/y-ray
counterparts from all sky monitors
_> Fluence Iimits ~10—7_1 0—6 erg/cmz 550 575 BOO  B2> BS0  B/S 1.'u.;75852£.;

== Marked times

» Many observatories — BAT, GBM, "“"""NV\ WW‘ i rrMNLWWH

Integral, Astrosat — lack of GRB e 50 sas7sesces
. . .. Anumarlapudi, SPT et al (2020)
detections gives limits

aLNts)SEC
[ )

Excess ¢

See more: Yamasaki et al (2016),

» Now with VOevents —> rapid response Gourdii et al (2020), Tian et al (2022),
possible —e.g. GUANO (Tohuvavohu et Laha etal (2022)
al 2020) Such limits are not very constraining for

most FRBs, but an actual detection is
worth the effort!



One can ask the inverse question — given a GRB can we find
an FRB?

Bannister et al (2012), Palaniswamy et al (2014) —> follow up
GRBs, few minutes post burst

Kaplan (2015), Anderson et al (2021), Tian et al (2022) —>
MWA/LOFAR electronic beam steering, few seconds latency

Curtin et al (2022) —> FRB-like limits before (and after) GRBs
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10" 4 4 ’5;
FRB-LIKE EMISSION AT THE TIME OF GRBS *| AAMY YW
» Search for FRBs before and after 3%" ‘t‘ f
GRBs " ﬁl‘:

vvvvvvvvvvvv

» 39 well-localised GRBs during CHIME/ 1522585582 2884% ¢

L e . I I R T e B B I B I

. Time (H:M:S, UTC}
FRB's first catalog run

Curtin, A., SPT et al, (in review)

» No coincidences

Radio to X-ray Fluence ratios

LGRBS SGRBS
» Put limits on radio Lt N
. : —
.. E 1 * Wl e
efficiency of SGRBs: (| * PR B “ ,
; i i Lo Wy W E ; i uh
~<10-3 —_— 10—4 %IU i ‘&L* ! La, ke 2l
% : N * .l . ) :::f
=0 @ 1 |
1 . !
1‘4
A0
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REPEATER - X-RAY CONNECTION

Madels 1sae Takle 2)
v+ KT=10: N, =104 ooy ¢ s =05 Ny=10¢¢ e~ —_ F=2: Ny=10% ¢4
KTw10; N,y=12% gy 7 "w0.5; Ny=104 cra~2 Fe2; Ny=102¢ cry2

10

» For repeaters, focused observations

1004 |

are possible

10" 1

rg)

rgy (e

» Simultaneous radio, X-ray also done:

E

Scholz et al (2021) for FRB 20180916B, Scholz ...
etal (2017; FRB 20121102A)

10!&

» Fluence limits of ~ 10-10-10-% erg/cm2 ... _1i. e
» At 150 Mpc (R3), energy < 1045 erg
(>> FRB energy) Need nearby repeaters to improve
constraints

SGR 1806-20 Giant Flare: 1047 erg,
SGR 1935+2154 burst: 103° erg (both isotropic)



TEXT 107

OPTICAL/IR

A8
9\?,?«0 i
0.1 o
» Most efforts on repeaters =
» Focused observations of repeaters: £ 003 L
; -“F-.#“S\\w RXON
» E.g.Hardy etal (2017), MAGIC Coll Ea

(2018), Niino et al (2022) ol

Fl.\rhn [l’.lj}' ms|

Niino et al (2022)

» Limits of ~ 0.05 Jy ms per burst

'
» Not yet constraining, but could be 1N ; I3
constraining fOI’ FRB ﬂuence > 5'1 O Jy ms u. O ';”'.-“:gé
5 B g
» Needs specialised high-speed cameras + - A
large telescopes h .
) 8 9 10 11 12 13 14 - 15



TEXT

OPTICAL/IR

» Can we do this with large area surveys?
YES!

» DWF — coordinated abs with radio, OIR, X-
ray

» Future possibilities — Evryscope/ZTF/Vera
Rubin Observatory

» Challenge
» Integration times of ~10-60 seconds

» Separating asteroids, satellite glints from
single frame transients

108

Deeper Wider Faster program

Andreoni & Cooke (2018)
Discovery Space of Transients I§S_I
26| CFE daeony
3 AE Crprae
- Oled
=illed: Vel cbaerved 22} b
. O e
Veilrol Suigpe Rare ad| Taax . - - ]
- 18} Sarwrrovas h e {
anzontal Sirpa’ Nat yat a Porne o atseny
;:;;c::_: sirpa’ Nat ya g -16 B r'.:n;“ Pres
2: -4 ’ﬁ:.'\ '.\.'ﬂ
Inttat [raoeti=al -12 < Ao l
10

» Contemporarecus GRB f |
opiical counterparte c.01 0.1 0 196
- Giant pulses from outsers Decey Tive (éays)
* Flares from anomalous X ray
puisars

the unkriowrn!/

Lucianne M. Walkowicz (AAS 2011)
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IS FRB 180916 A BINARY?

F110W
Green circle is 36 mas radius

VLBI error + astrometric error .

Star formation regions

Resolution of < 60 pc!

Little to no

star-formation
at FRB location

_______

Similar offset seen in FRB
121102 (Bassa, SPT et al 2017,

250 pc offset Kokubo et al 2017)

This offset is much
larger than the scale
height of magnetars,
but similar to that of
X-ray binaries

TWO OF THE BEST LOCALIZED

FRBS ARE ASSOCIATED WITH

STAR FORMATION, BUT WITH
AN 200-300 PC OFFSET

Tendulkar et al (2021)



MULTIWAVELENGTH COUNTERPARTS 110

OBSERVED RATES
COINCIDENCES ARE RARE.
WE NEED TO FIND A LOT OF TRANSIENTS. d

1/year

10/year
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CHIME/COSMOLOGY
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CHIME/Cosmology

CHIME/FRB

0.02
]
e

0
I

|
Nyl et \%wmwmwwwmwmﬁmww#wmww
0 -'sz ' OT4 r C:B ‘ OTB ' ; ' 1 2

e

Phase vs Time Phase vs Frequency
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Cycle through all the Northern Hemisphere pulsars in ~10 days!

@CherryNg



