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As we know,

There are known knowns.

There are things we know we know.
We also know

There are known unknowns.

That is to say

We know there are some things

We do not know.

But there are also unknown unknowns, e
The ones we donét know
We dondt know. -

I Sec. Def. D. H. Rumsfeld = |
12 Feb 2002’ Department of Defense news brieﬁng .Ql'uxrs. CVI AETERNITAS »

. SIT MAGNITVDO. CICERO: ‘.&v

o (e

/////




rois

eatram

.I;I I I l Sl 2 - A “
R TR, DA, S, T T
Bos ARIRCYEYS ARCTIZYE o @ /
Am-;: N/ / / 7 %/ / 7 & / R/ _// { L WME ©
Y/ AMERAC 3 v £ 1’\" Z } / / RN T N .
/ / X 9 4 / ;/ Noua Acasd BET £ .,,:‘&'f- O, s,
*r\ari) b “ER S %
o 7 - & o Tt 5
AR T nw\lj e > wrchelca f o
7N ’ . S o - ¢ i)
7= 7 ol -, R ot . ~caa}'w_""~ > o A
ol /% e '.:,f .}.g. Y T Pcrﬁ oo 1LY N R -'Tr’v
v X L ol \ X At 4
o ! f -~ g rha oy, 7\ N =S
{ i { 110 ) y i i "’“ ngia orjens a
P fr Dty FAOPECYS CIANCRT S g ) L, Ac ke . \& tahid 2
I | T I & e || S ) o AXE3
e 7 3 o ¥ Dy apid; , : ;
Archypelage 14 ‘ .::%o D EX AFRILCA. T SRy D) s |
« £ - Pk SO SN, & T TR -
’ o s 5% »r _ ~ b 2 4 Lagule < 3
- — 3 3 (3 = . 20wk’ I, ) - o ¥
g | R 1 - i ; ¥ L&
o de ko prre sah b il Carifa ) : | wbigii 2o f ‘
& - CIRCVEYE A X PFENCCTRALLY I 7 G b | g s 5 / 1. ot 3 : 5! %)
v o T ; g e o PV 5 25 D amcap 55 & trms % N 2
9 o | four &5 ok Toarpmar i ) ) T oo 3 ¥ AT 0 U dn e 5T ; v
i | T .)!'" 'i et i G \ | A Bt SR o __L—_r\_;_ Yot [mde, & 2 0u
g =W 1) y E = I 1 = 1 2 g (o7,
¥ \ \ AR L E V&__J | & l’t ‘I, Antecader) :\nz 2 OCZAN‘J‘:‘ Ar W i/} f—'z | o o
AL ¢ \ S &5 N |t R - 2y THIOPICYS.  Fi f / =
3 2 \ s lge g e ! > B frade | oo LM - e 1
2\ A R IRTE ¥ ) : s 2, = ] i i
B \nonvn :Knucal »r. \ ,\ = | o f ! [ \ o 3 % / f DI .
\ e | / / s £ —50ss
. | s ) / 4
A / 7 o Veter l
o

{ : 0% \ g -
T A ; < \\
i s
7o | KL | Y
. A I ACIIYO ke
< N 5 = "
Y <5

Y R <
.‘\» 7 J:u\ s . V
N ua.x\r- \q;nx(cu ' RS 3 : ey : -l uY jv( / J / / 'Z
. 130 200 207N AN N 240 u.n\nu,o FT) 20 \xw an\;u na\ n\ 15% 3 »uq',7’ :,7« _‘/ ',',;/ .‘, ’./,, ./,;, Ve,
. \ \ 5% \ . 5
T SV NS R\ NAME /1
- 1\ \ ‘;j// " Abraham Ortelius, 1570
— = "//
: = ‘ = 4 (Library of Congress)



heatrum Orbis Terrarum
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Here be dragons?

If monsters exist,
they must lurk in the
unexplored regions of
phase space.

(LI TR RAKY

Abraham Ortelius, 1570
(Library of Congress)



he phase space for (radio) transients
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he phase space for (radio) transients
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A guide for discovery: 1l ;
Nature may have ways to fill empty parts. 10l @*”f &/
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Little Green Men

Prototypical example: the discovery of pulsars
with higher time resolution + sensitivity.

Hewi sh, Belbo6&t al . (

4




he pulsar zoo

The 0
with new classes of objects:

Young objects in SNRs.
Millisecond (recycled) pulsars.
Rotating Radio Transients.
Magnetars (SGRs, AXPs).
X-ray dim isolated NS (XDINS).
Transitional MSPs.
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lonized Medium Propagation Effects

Dispersion Delays
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Mapping the Galaxy with Dispersion Measure
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Mapping the Galaxy with Dispersion Measure
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Pulsars:
Rapidly rotating neutron stars.

A Galactic population.

A Can use pulsar DMs to model
the Galactic electron density
distribution.

A Electron density is highest in
the Galactic plane; rolls off with

latitude.



Mapping the Galaxy with Dispersion Measure
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Pulsars:
Rapidly rotating neutron stars.

A Galactic population.

A Can use pulsar DMs to model
the Galactic electron density
distribution.

A Electron density is highest in
the Galactic plane; rolls off with

latitude.



Fast Radio Bursts
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FRBs: an extragalactic population

Bright millisecond single pulses.

Very high dispersion measures

« o | A Miky Way
+ Intergalactic Medium (IGM)
+ Host Galaxy.

1000

100

Detected in small fields of view

- A Very high inferred all-sky rate,
" 5-10,000 / sky / day.

DM (pc cm™3)

10 A
Uncertain distances

°
o  Galactic pulsars

o LMC pulsarg R ° . o ‘ . . . .
- MC putars . " A Uncertain energetics; unknown engine.
(-] RBs
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FRB 010724, the one that started it all

Frequency (GHz)

.’1% ""n

Time after UT 19:50:01.63 (ms)

Lorimer et al. 2007, Science,
A Bright Millisecond Burst
of Extragalactic Origin
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FRB 010724, the ALO
A Archival survey data from Parkes.
A A single dispersed pulse.
A Width < 5 ms.
A Brighter than 30 Jy (?)
AF o | | & dispersion law.
ADM =375 pc cm=3 A 500 Mpc?
A Extragalactic.




The known FRB population

FRB170827

A 623 sources published so far.

Flux (arb. unit)

Alnferred all-sky rate is large,
~5-10,000 / sky / day.

ADispersion measure excess:

FRB180110
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The known FRB population

FRB 121102,
discovered
at Arecibo.

ASome FRB source
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Spitler et al. 2016, Nature,
A repeating fast radio burst
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FRB121102: Simultaneous Radio + X-ray
observations
A Observations with Chandra, XMM, GBT, Arecibo, Effelsberg.
A 12 bursts detected at Arecibo and GBT.
A No X-ray counts at burst times.

X-ray photons consistent with background.

(However, e.g.

, giant magnetar flares

are hard to rule out at z=0.2, even with

stacked limits.)

Scholz et al. 2017,
Simultaneous X

-Ray, Gamma -Ray, and Radio
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FRB 121102 is a prolific emitter

a. t 1,500

FAST observations: : W S
59.5 hr over 47 days. e e
A 1652 bursts detected! v
A No apparent periodicity.
A Bimodal energy distribution? c : 31??‘ *

C Disfavors models with
large energy requirements or
complex triggering mechanisms.

LogioEnergy (erg)

Li epoOa4al.Natur e wol L |
A bi modal burst energwy distribution
of a repeating fast r36531dio burst sour ce

58,730 58,740 58,750 58,760 58,770 58,780 0.0 0.2 0.4 0.6 0.8
Time (MJD) Density



Localizing FRBs
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Chatterjee et al. 2017, Nature,
A direct localization of a fast radio burst and its host

FRB 121102,
localized at

3 the VLA.



FRB host galaxies

AFRB 121102 host galaxy is P . S 2 rh i1
a star-forming dwarf, R o
z=0.193, about 1 Gpc away.

. . .
Credit: Gemini Observatory/AURA/NSF/NRC
B -

Chatterjee et al. 2017, Tendulkar et al. 2017



FRB host 8]F110

AFRB 121102 host galaxy is
a star-forming dwarf,
z=0.193, about 1 Gpc away.

C Is the high specific star
formation suggestive of

a link to massive stars
and/or SLSNe, LGRBs?

Eburst a :18@rg (l\:I q 4 D%Gpc (A/O.lJy-ms( X GHz

Bassa et al. 2017



FRB host galaxies

AFRB 121102 host galaxy
IS a star-forming dwarf,
z=0.193, about 1 Gpc away.

A Other host galaxies show
a diversity of types (old
ellipticals, young spirals),
and a diversity of locations
within galaxies.

Declination (J2000)

(a) FRB 121102

Hostz=0.193

osa | w
' (b) FRB 180916

.o

Host z=0.034

“| (c) FRB 180924

Host z=0.321

‘ .

| (d) FRB 190608

Hostz=0.118

Right Ascension (J2000)




Persistent radio sources associated with FRBSs

AFRB 121102 is associated with a persistent radio source.

A Similar to a low-luminosity AGN?

A Or possibly an extreme young supernova remnant / pulsar wind nebula.
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Persistent radio sources associated with FRBSs

AFRB 121102 is associated with a persistent radio source.

ASo is FRB 20190520B i another active repeating source in a dwarf galaxy.

, ‘ FHT)IR(@, Radio (3 GHz,
» Suly;lru) VLA)

Niu et al. 2022, Nature,
A repeating FRB in a dense environment with a compact persistent radio source



Concordance model for FRB + PRS

Figure: Cordes & Chatterjee (2019)

@——— Circumstellar medium

Amagnetar i n an ext

Forward shock

A Association with
A Persistent radio
A Extreme rotation
A Randomness of bur:

Supernova remnant ejecta

Reverse shock

Plasma lensing + scattering

Persistent radio emission

Fast radio burst

Relativistic wind zone
Termination shock
NS wind nebula

Margalit & Metzger 2018,
A concordance picture of FRB 121102
as a flaring magnetar embedded in a

magnetized ion -electron wind nebula Faraday rotation

Photo-ionization, bound-free absorption

Dispersion, free-free absorption



A Galactic FRB!

Galactic magnetar SGR 1935+21.;

Emitted an extremely bright radio burst
on 28 April 2020

A 700 kJy-ms at CHIME
A 1.5 MJy-ms at STARE-2

A Bright, hard X-ray burst, in a forest of
other bursts (e.g., with AGILE).

Such a burst from a nearby galaxy would
be considered an extragalactic FRB.

C At least some FRBs are produced
by magnetar bursts.

Frequency (MHz)

=
=
?L
i
t;
=
=
-—

-15 0 15 30 45 (ms)

CHIME collab 2020, Nature
and
Bochenek et al. 2020, Nature



The environments of FRBSs

AFRB 121102 is associated with a persistent radio source.
ASo is FRB 190520B i another active repeating source in a dwarf galaxy.

ABut other, much closer localized FRBs are not associated with PRS.

Repeating FRB 201809
A Discovered by CHIME.

A Localized by EVN to a spiral galaxy
at only 149 Mpc.

A No persistent radio source.

CHIME/FRB collab 2019, Nature
Marcote et al. 2020, Nature



The environments of FRBs

AFRB 121102 is associated with a persistent radio source.
ASo is FRB 190520B i another active repeating source in a dwarf galaxy.
ABut other, much closer localized FRBs are not associated with PRS.

Aln fact, some are in rather unusual environments.

68°4920" o

Repeating FRB 20200120E:

A Associated with a globular cluster 10"
on outskirts of M81.

A Unlikely to be a young magnetar
from a core collapse SN.

A Possible AIC or merger product? s

=)
<

Dec (J2000)

68°55"

Bhardwaj et al. 2021,  ApJL e 2
Kirsten et al. 2022, Nature




Peri1 odi ¢c e mi

detected only during gue] == _

periodic windows,
~5 days every 16.35 days. *

A Suggests an orbit?
A Or precession?
Associated with the
central engine.

Relative

CHIME/FRB collab 2020, Nature
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Periodic activity from a fast radio burst source



Frequency (MHz)

Periodicity in FRB emission

a | FRB20191221A b | FRB20210206A

0 1,000 2,000 -5 0 5 10 15
Time (ms) Time (ms)

CHIME/FRB collaboration 2022, Nature,
Sub -second periodicity in a fast radio burst

¢ | FRB20210213A

0 20
Time (ms)

40

60

Detections with CHIME:

A FRB 20191221A
216.8(1)ms; 6. 510

A P(False alarm) < 1019,

And also, suggestive:

A FRB 20210206A
28(1)ms; 1. 340.

A FRB 20210213A
10.70)ms; 2. 4 0.



Periodicity in FRB emission

S/N

= =L, = -

Residual S/N
Lh o

18
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0 500 1000 1500 2000 2500 3000 3500
Time {ms)

FRB 20191221A:
216.8(1)ms; 6. 50 .

A FAP is < 10°10.

A Strong evidence for rotating
NS origin, in magnetosphere
rather than in nebula.

CHI ME/ FRB <col |l abor
202,2 Natur e,

Subsecond periodici
I n a fast radi o bu



Other models for FRB emission

A There are many (many!) suggested models for FRB emission.
See, e.qg., FRBtheorycat.org: lists over 50 different models

A Range from the exotic to €€ the somewl
A Multiwavelength observations might discriminate between them.
A Radi o phot on smuitipleeclasses hre @ogsible, even likely.

a Sridhar et al. 2021,
Periodic Fast Radio Bursts
from Luminous X  -ray Binaries




Fundamental physics with FRBs

C What is the central engine?

C

FRBs as probes:

A Dispersion: IGM electron density.
Census of baryons in the local universe.

A Polarization: Magnetic fields in the IGM.
A Scattering: IGM turbulence.

e.g., direct estimate [*] of the cosmic baryon

density, consistent w/CMB, BBN:

Qp = 0.05+0.02 hoy

DMcosmic (pC Cm43)

A census of baryons in the Universe
from localized fast radio bursts

1,000
— DM, ¢micl@) Planck15 cosmology
= FRB 180924
" FRB 181112
8001 = FRB 190102
= FRB 190608
= FRB 190711
FRB 121102
600 FRB 190523
FRB 190611
u
400
200 . -
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ZrRB
Macquart et al. 2020, Nature



Probing the intergalactic medium

071 ¥ Galactic | Extragalactic Y
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A repeating FRB in a dense environment with a compact persistent radio source



Frontiers in understanding FRBs

1703.29

A Localization, host identification, redshifts, distances.

1625.01

A Local environments: variability in scattering and rotation

1546.73

measures of repeating FRBs.

1468.45

A High time resolution observations.

1390.18

MHz

A Multiwavelength and multi-messenger counterparts,

1311.9

especially for FRBs in our local neighborhood.

1233.62 8

1155.34

Central engine(s) of FRBs.

FRBs as probes of hidden baryons i halos,
intercluster medium, intergalactic medium.

C
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he phase space for (radio) transients
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AnLocal o
gap between Crab giant
pulses and other FRBSs.

A Ultra-fast radio

transients probably exist

at nanosecond to
microsecond timescales.

Nimmo et al. (2022)

ABur st
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NUNKknown unknc

The pattern is consistent across wavelength.
A Fast Blue Optical Transients

A Supergiant Fast X-ray Transients

A Extragalactic Fast X-ray Transients

C The time domain is (still) a discovery frontier.

Qui reo/Baquez 22024
Extragal actriay Flarsan s
candi dates discover
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NUNnknown unkn

The time domain is a discovery frontier.
Consistent requirements:

A Large fields of view and high sensitivity.
(Not just survey speed.)

A High resolution in time and frequency. C High data rates.
A Broad range of timescales to cover. C Large data volumes.

A High angular resolution.
Uni que counterparts require ~10 | ocal

A Massive storage, high throughput computation. C Archives important.
(But: embarrassingly parallel problems.)



MWnknown uakrnewrnwses room

Key requirements are instrumental flexibility
and breadth of coverage of phase space.

A The most important future discoveries are likely to be surprises
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Interstellar / Intergalactic Propagation Effects

The Far adawsefsf @actr ot ati on of the plane
wave as a functWon of wavelength (

Pulse dispersion measure: DM = fOD dsne(s) 8
N

. ) N
Pulse rotation measure: RM o [~ ds Bj|(s) ne(s) /J
B/( £ .4 g

Faraday Rotation: 3 = RM )\? :V\ d/
h‘ ,’/\/}[\/ /I: : /
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FRB 121102: Detection of polarization

4900

4800 -

4700 H

I IS
(&)} (o))
(@) o
(] ()
L L

Frequency (MHz)
=
o
(e}
1

4300 A

4200 A

4100

-1.00 -0.75 —-0.50 —-0.25 0.00 0.25

Time (ms)

0.50

0.75

1.00

Intensity (arb. unit)

. TP PTOPASANA NP0 0,

e Position Angle

—— Total
—— Linear
—— Circular

—-1.00 -0.75 -0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
Time (ms)

Michilli et al. 2018, Nature




