Fast Radio Bursts, and where to find them
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What are Fast Radio Bursts? (FRBS)
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Current and future telescopes

GBT Photo: FAST Photo:
NRAO/AUI/ Absolute
NSF Cosmos

| (Future) SKA photo credit: SPDO/TDP/DRAO/ i i : '-
S8 Swinburne Astronomy Productions (CC BY) ASKAP: SKA pathfinder, good localization

- allows follow up redshift measurements.

(Past) Arecibo Photo credit: Ant Schinkel, CSIRO (CC BY-SA)

Photo credit:
Mario Roberto
Duran Ortiz

(CC BY-SA) | CHIME: Canada, HI mapping,
large FOV - very good

for FRBs as well
Photo credit: CHIME
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Recent FRB discoveries

= parkes o CHIME: Canada, HI mapping
= GBT e . .
= Arecibo large field of view
= Uniost § - accidental FRB machine.
BN CHIME 4

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 primary beam formed beams

Year Figures: CHIME field of view (Kendrick Smith)

Animation by Cherry Ng, CHIME, Dunlap Institute (github.com/cherryng)
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Repeating FRBs

A repeating fast radio burst

L. G. Spitler, P. Scholz, . W. T. Hessels &, S. Bogdanov, A. Brazier, F. Camilo, S. Chatterjee, J. M.
Cordes, F. Crawford, ). Deneva, R. D. Ferdman, P. C. C. Freire, V. M. Kaspi, P. Lazarus, R. Lynch, E. C.

Madsen, M. A. McLaughlin, C. Patel, S. M. Ransom, A. Seymour, L. H. Stairs, B. W. Stappers, J. van
Leeuwen & W. W. Zhu

“The Repeater”
- Arecibo (2016)

Nature 531, 202-205 (2016) | Cite this article

A second source of repeating fast radio bursts

The CHIME/FRE Collaboration

Nature 566, 235-238 (2019) | Cite this article - CHIME (2019)
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Repeating FRBs!
CHIME/FRB Discovery of Eight New Repeating Fast Radio Burst Sources
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What is the origin of Fast Radio

Bursts?

FRB source & mechanisms
still uncertain!
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Sample of FRB origin theories from
https://frbtheorycat.org
(currently via archive.orgq)

Plenary 4: Source Models
Plenary 4A: Thu 29/7/2021 @ 12am - 2am UT - Chair: Vikram Ravi
Plenary 4B: Thu 29/7/2021 @ 12pm - 2pm UT - Chair: Amanda Weltman

ID1: Neutron stars as sources of FRBs: from the Lorimer burst to SGR 1935
Sergei Popov, Sternberg Astronomical Institute
A: Live B: Live

ID27: Accreting X-ray Binaries as FRB Sources
Brian Metzger, Columbia University / Flatiron Institute
A: Live B: Recording

ID44: Pericdic activities of repeating fast radio bursts from Be X-ray binary systems
Qiaochu Li, Nanjing University
A: Recording B: Recording

1D49: Dynamical Formation Scenarios for FRB 20200120E in a Globular Cluster
Kyle Kremer, Caltech/Carnegie Observatories
A: Live B: Recording

ID56: Dispersion and Rotation Measures from the Ejecta of Compact Binary Mergers
Znenyin Zhao, Nanjing University
A: Recording B: Recording

1D64: Binary comb models for FRB 121102

Tomoki Wada, Yukawa Institute for Theoretical Physics
A: Live B: Recording

Plenary 5: Emission mechanism

Plenary 5A: Thu 29/7/2021 @ 8am - 10am UT - Chair: Di Li

Plenary 5B: Thu 29/7/2021 @ 8pm - 10pm UT - Chair: Maxim Lyutikov

1D59: Fast Radio Burst Breakouts from Magnetar Burst Fireballs
Kunihito loka, Yukawa Institute for Theoretical Physics, Kyoto University
A: Live B: Recording

1D68: Plasmoid ejection by Alfven waves and the fast radio bursts from SGR 1935+2154
Yajie Yuan, Flatiron Institute
A: Recording B: Live

1D73: Shock Powered Coherent Radio Precursors of Neutron Star Mergers
Navin Sridhar, Columbia University
A: Live B: Recording

1D94: A coherent curvature radiation explanation of the origin of giant pulses, high-energy
counterparts and the connection between giant pulses and FRBs

Alex Cooper, University of Amsterdam

A: Live B: Recording

1D128: The FRB-like emission of the young energetic LMC pulsar, J0540-6919
Marisa Geyer, South African Radio Astronomy Observatory
A Live B: Recording

1D82; Emission Properties of Periodic Fast Radio Bursts from the Motion of Magnetars
Dongzi Li, Caltech
A: Recording B: Recording

2102.06138

arXiv:

Yo,

i, 2

arXiv:
2008.01114

Discussion at FRB 2021:

https://sites.google.com/view/frb2021/

(talks on YouTube)
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Magenetars as FRB sources?

Most promising currenly: Magnetars
— “FRB"” from Magnetar SGR 1935+2154
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Observed by STARE2 + CHIME (radio),
Swift Burst Alert Telescope, INTEGRAL, Konus-WIND, Insight-HXMT (X-ray, space)

Soft gamma-ray repeaters (SGRs), already proposed by
e.g. Popov & Postnov 2007 (arXiv:0710.2006), and
recently Metzger et al. 2019 (arXiv:1902.01866)

Debris from
previous flare +— Magnetic Shock-wave
field line +— front

~—Gyrating
electron

Magnetar _— -
' Collision

Newly ejected
electrons and
particles

Figure 1| A potential mechanism for the formation of fast radio bursts. A bright, millisecond-long burst
of radio waves, known as a fast radio burst (FRB), has been detected'* coming from a highly magnetized
stellar remnant (amagnetar) in our Galaxy. The radio waves were accompanied by X-ray emissions*™®. One
possible mechanism®* for the formation of such an FRB is that the magnetar produces a submillisecond-
long flare of electrons and other charged particles, which collides with particles that had been emitted
from previous flares (note that the collision occurs a great distance away from the magnetar; this distance
is not shown to scale). The collision generates an outward-moving shock front, which in turn produces huge
magnetic fields. Electrons gyrate around the magnetic field lines, and thereby emit a burst of radio waves.
The shock wave also heats the electrons, which causes them to emit X-rays.

Amanda Weltman & Anthony Walters, Nature | Vol 587 | 5 November 2020
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Properties of FRBs




FRB Localization (approx)
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Figure: MeerTRAP, FRB & Pulsar locations FRBs in CHIME/FRB Catalog 1 (arXiv:2106.04352)

(https://www.meertrap.org/science-goals/fast-radio-bursts/)
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FRB Localization (precise + redshift)

Zoomed g-band

ol A (. ) 10
FRB Telescope Width Redshiftnost - 5328 W f_ﬁ, °
FRB190523 DSA-10 0.42 0.66 % _Z
FRE190711 ASKAP 6.5 0.522 E e . 5
FRE181112 ASKAP 2.1 0.4755 svonball L ;5_‘505 2525 Bl sooo 10
- FRBI190611 ASKAP 2 0.378 Rt sscension (12000 SRE 121102 by BAA1C. follow
;i FRE180924 ASKAP 1.3 0.3214 E;%Ef?:s(?v?ilg%?ﬁz%lOW-up up by VLA (arXiv:1701.01098)
é FRE190102 ASEAP 1.7 0.291
FRB121102 arecibo 3 0.19273
FRE1306038 ASKAP ¥ 0.1173 : ’
FRE180916.]0158+65 CHIME/FRB 0.87 0.0337
All localized FRBs from https://www.frbcat.org/ T

FRB 180916 by CHIME, follow-up with
Europ. VLBI Net. (arXiv:2001.02222)
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Follow-up & localization within a galaxy

FRB190608 F300X : FRB190608 F160W HG190608 (g-hand)
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Instruments for localizations

Plenary 8: Pinpointing
Plenary 8A: Tue 3/8/2021 @ 8am - 10am UT - Chair: Ben Stappers Outrigger
Plenary 8B: Tue 3/8/2021 @ 8pm - 10pm UT - Chair: Wenbin Lu Starion

ID62: Localizing FRBs to miliarcseconds with EVN-PRECISE
Benito Marcote, Joint Institute for VLBI ERIC (JIVE)
A: Live B: Recording

. . N Outrigger
ID84: Localization of CHIME/FRB repeaters with VL A/realfast Station
Shriharsh Tendulkar, Tata Institute of Fundamental Research and the National Centre for Radio -
Astrophysics
A: Live B: Recording

ID88: The first sub-arcsecond localised FRB with MeerkKAT
Laura Driessen, Jodrell Bank Centre for Astrophysics, University of Manchester

A: Live B: Recording CHIME Ourtiggers. Juan Mena-Parra, FRB2021 (8A)
ID89: The UTMOST-2D FRB detection and localisation engine DRAO
Adam Deller, Swinburne University of Technology CHORD wore

A: Live B: Recording

ID140: Arcsecond Localization of FRB 20201124A with the uGMRT
Robert Wharton, Jet Propulsion Laboratory
A: Recording B: Live

PPOOOOOOOODD

CHIME

@@@@

@@@@@@@@
ID108: CHIME/FRB Oufriggers and CHORD: new instruments for localization of Fast Radio
.?L:l:'ltidena—Parra Massachusetts Institute of Technology @iiiéi@%i@%%%%%g
A: Recording B: R,ecording §§§§§§§§§§§

CHORD (Vanderllnde et al. 2020 arXiv:1911.01777)
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Typical properties
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Signal shapes
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CHIME/FRB Collaboration, arXiv:1908.03507
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Repeaters - A distinct population?

CHIME/FRB CATALOG 1 CHIME/FRB COLLABORATION: M. AMIRI, ef al.

Frequency (MHz)
Frequency (MHz)

10 20 -10 0 10 20 -10 0 10 20

Frequency (MHz)
Frequency (MHz)

Frequency (MHz)
Frequency (MHz)

-10 0 10 20 10 20

FERT

Frequency (MHz)
Frequency (MHz)

10 20 -10 0 10 20 -10 0 10 20 -10 0 10 20 20 40

Frequency (MHz)

)
2
=
z
g
g
g

-10 0 10 20 -10 0 10 20 -0 0 10 20

CHIME/FRB Collaboration
2021, arXiv:2106.04352

Frequency (MHz)
Frequency (MHz)

0 25 S50 -250 2550 -10 0 10 20 -50 -25 0 -10 0 10 20 -10 0 10 20 -10 0 10 20 30 -10 0 10 20
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)

non-repeaters repeaters

Stefan Heimersheim

sh2061@cam.ac.uk




Repeaters - A distinct population?
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Figure 3. Histogram of repeating and non-repeating FRBs for

Figure 1. Upper panel: histogram of repeating and non-repeating
radio luminosity expressed logarithmically. The solid line is the

IFRBs with pulse width < 35ms. The solid (dashed) line is the

Figures from Cui et al. 2021 (arXiv:2011.01339)
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Cosmology with FRBs




The FRB Dispersion Measure
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Dispersion Measure Contributions

“»

Image: BG - NASA; FG - ESA; B. Holwerda; Illingworth, Oesch, Bouwens and the HUDF09 Team
Figure: MeerTRAP, FRB & Pulsar locations (https://www.meertrap.org/science-goals/fast-radio-bursts/)
75° 35

Milky Way - from 10
to 3000 pc/cm? but
known from model:
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Dispersion Measure Contributions

Host galaxy - unknown
~ 200 +/- 100 pc/cm?

z=0.2

- : ; '

Image: BG - NASA; FG - ESA; B. Holwerda; Illingworth, Oesch, Bouwens and the HUDF09 Team =
Figure: MeerTRAP, FRB & Pulsar locations (https://www.meertrap.org/science-goals/fast-radio-bursts/) i

Milky Way - from 10
to 3000 pc/cm? but ’

/. ~ ~
bl b b b bl Lo o b b I

kﬂOWﬂ frOm mOdek 115 225 :‘aﬂ 15 2 25 3
Jarozynski 2020 (100
arXiv:2008.04634
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Dispersion Measure Contributions

Host galaxy - unknown
~ 200 +/- 100 pc/cm?

Intergalactic medium -
depending on the distance,
and ionization of the IGM
along the line of sight

Image: BG - NASA; FG - ESA; B. Holwerda; Illingworth, Oesch, Bouwens and the HUDF09 Team
Figure: MeerTRAP, FRB & Pulsar locations (https://www.meertrap.org/science-goals/fast-radio-bursts/)

Milky Way - from 10 o
to 3000 pc/cm? but DM (2)'M = f e () g,

. earth (1 + Z)
known from model: ~ 4000 - 6000 pc/cm? + 5-9%

(for z=5to 15)
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Cosmology with FRBs

Age of the Universe (Myr) Furthest reionization:
* Quasars z</.7
* Galaxies z<8

o
=
*
cg
oix 90° TUetm F A T 4 T
Dark Ages <c8 088 o, T oMpo®y go O o & 000 0 0 oo £ STE Jeo
2 & 00 @ aPo © 08% ©° @0 Lo %;: ° oéf EARL p
— a e ° ° °
T 3 60 o 3800008 %0 52°° 0P SoB oo o, %869 59 oo o
By g o olgoronBle &0 o 0% o 0% T o
4 g 0 S 2 ¥ % Ton, 05 °
5 S o o%® © " w8 00 g0 %q Po @ ©% 4
2 § 30077 . g0 ot O uBm sa s o% T0 € 0 e o o0?
] o 8 o8 0 P 208003
i 2 FORANR AR It IR RIS ANE LT
i g 0o e N8 Sy R Sy e 0%
Riess'ét'al. 2016 g o R % LI N S e -
arxiv:1604.01424 o CHIME/FRB Non-Repeating &  CHIME/FRB Repeating
-30
24" 21" 18" 15" 12" o" 6" 3" ot
Right ascension (j2000)
Reionisation
-
Lookback Time [Gy1]
simulation 135 7 9
1000} — ,‘:‘_ "
fitting formulas x" d
Redshift s Das & Ostriker ‘06 780
Dolag+ 15 5
=} 5
. . & £ 600
Image credit: Nicolas Laporte
100
200
; s Z +
200 400 600 800 1000 e
3 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7
DM (pc/em®) Redshift

Possible range of FRB sources
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FRB (angular) clustering
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FRBs in CHIME/FRB Catalog 1 (arXiv:2106.04352)

* Location (approximate, or accurate from

interferometry)
* Redshift (approximate from DM, or
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Shirasaki et al. 2017 (arXiv:1702.07085)
see also Dai & Xia 2021 (arXiv:2004.11276)

accurate from follow-up)
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FRB DM statistics
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Figure 10. Comparison of probability distributions of the DM at z; = 0.5.
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Takahashi et al. 2020
arXiv:2010.01560

Figure 8. Standard deviation of the DM as a function of z;. The purple,
blue and green symbols are the TNG300-1, -2 and -3 results. The solid red
curve denotes the analytical prediction given in Eq. (16). The dash-dotted

exactly trace the dark matter (i.e., b = 1).

Beniamini et al. 2021
arXiv:i2011.11643

orange curve is the same as the solid one, but assuming that the free electrons /

D
o

)
o

w
(=]

dNpgp/dDM all sky/yr/DM
o
o

n
o

[

t 2 3 a4 s
DM/10% [pe em ™)

6

6000

5000 5500
DM [pc em ™

10°
107
=107 X
A -

10

10

0 2 4 6 8

10

Stefan Heimersheim
sh2061@cam.ac.uk



FRB DM(2) relation

Lookback Time [Gyr]
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Effects on DM(2)

__ o, al(2)/Q
DMIGM(Z)—/ L ne()/ Y
0

o — H(z) (1422 Focus of this work
o ey ) N I ——

%:Z: /\ Cosmology Ionization

EE(RN

an a0 &0 T

an anet al. 2021, ——
Hagstotz et al. 2021
Macquart et al. 2020  E.g. Zhou et al. 2014 (forecast)

L Hy, Qp, Qe w(2)
AN

T T T T T T T
RN 7R mn 19 R 1R 0 17 R 0N

Changing z,..e

Changing {2 ficu/ Ho Changing 2, .
— — M
T T 5
g 5000+ £ 5000 - =
(] [}
= = =
— — =
2 2 .
{] .I T T T T {] L I- T T T T H . -I-J;;] .f -
I 5 110 15 20 0 5 10 15 20 edshift z
Redshift = Redshift z

Stefan Heimersheim
sh2061@cam.ac.uk




Cosmic reionization

Well studied (CMB) Dark Ages & EoR Galaxy surveys
< > < > < >
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(Planck analysis incl. BAO):
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Cosmic reionization

Well studied (CMB) Dark Ages & EoR
< > <

Age of the Universe (Myr)

gataxies

Dark Ages

Formation of the
Fi

Reionisation

Redshift
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Galaxy surveys
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Reionization history from Kulkarni et al. [1809.06374]
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Reminder: We will have many FRBs in the future!

FRBs to be detected with the SKA
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How to we currently measure Reionization from FRBs

Common tanh parameterization: Changing z..,
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How to we currently measure Reionization from FRBs

Common tanh parameterization:
Planck 2018 results

VI. Cosmological parameters
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How to we currently measure Reionization from FRBs

Common tanh parameterization: L : :
Reionization simulations

Planck 2018 results (Fialkov et al.):
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Problem: Assuming a model - Wrong result if model # reality

E.g. the standard tanh step function reionization underestimates t by 10%
Stefan Heimersheim
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Ttanh = 0.052 £ 0.002 for T,ue = 0.057 (1,000 FRBs)




Need a new approach - model-independent!




How to “free-form” parameterize a function?

1.0 4= What we can assume:
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FlexKnot parameterization

Prior parameter distribution Posterior parameter distribution
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Coordinates (x,z) of interpolation Basically, knots can move around and
knots as parameters adjust to the data
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FlexKnot Reionization history
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FlexKnot - How many knots do we need?
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FlexKnot - How many knots do we need?

1.0 - : 1.0 - L0 om — 95%,
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Only start + end knot: Add +2 more knots: Add +9 additional knots:
too simple? fits well? too many params?
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FlexKnot - How many knots do we need?
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Concrete forecasts!
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Measurement uncertainties
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Reionization history posteriors - 1,000 FRBs
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Reionization history posteriors - 1,000 FRBs
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Reionization history posteriors - 1,000 FRBs
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Optical depth constraint

[ 100 FRBs Key point: Reionization model-
1,000 FRBs marginalized (“independent”), i.e.

------ Truth (input) averaged over all reionization models.
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Brickmann et al. 2018
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Degeneracies

Changing z,..
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Reionization history posteriors - 1,000 FRBs
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summary

FRBs originate from cosmological distances — new probe of the high-z Universe

* This is just the beginning: New instruments - More FRBs

* Many open questions: Origin, Mechanism, Repeaters

Lookback Time [Gyr]
3 5 7 9 11

* Cosmology with Dispersion Measure: ==~
Ho, Reionization and more

(((((

* Use model-independent parameterizations
of functions — applicable everywhere!

x; knot coordinates
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