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Fast Radio Bursts (FRB)
Thornton+ 13

Most luminous
radio transients

discovered in 2007
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Lorimer+ 07



Brightness Temperature
2021/11/19 FRB by K. Ioka 4

Pietka+ 14
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Coherent Emission
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<latexit sha1_base64="3ZUuhdvCy8R0hrPTuEKIPtM57gA="></latexit>

PN =

�����

NX

k=1

Eke
i�k

�����

2

= N |E|2 + |E|2
X

k 6=j

ei(�k��j)

Incoherent

<latexit sha1_base64="tdaQEZB4SDx1Nsc4sc/P2D3RFHM="></latexit>

PN = NP

Coherent

<latexit sha1_base64="+OEdzYz7zYAWn0ehPC5Ez4o6ino="></latexit>

PN = N2P



Possible Origins
• Perytons Burke-Spolaor+ 11; Kulkarni+ 14

• Galactic
– Nearby flaring star Loeb+ 13

– RRAT (Rotating Radio Transient; intermittent pulsar)
• Extragalactic
– Magnetar giant flare Popov & Postnov 07; Thornton+ 13; Lyubarsky 14; Penn 

& Conner 15

– NS-NS merger Hansen & Lyutikov 01; Totani 13

– WD-WD merger Kashiyama+ 13

– Collapse of hypermassive NS Falcke & Rezzolla 13; Zhang 13

– Supernova into a nearby star Colgate+ 71,75; Egorov & Postnov 09

– Supergiant pulse Cordes & Wasserman 15

– Pulsar-orbiting bodies Mottez & Zarka 14

2021/11/19 FRB by K. Ioka 6



Possible Exotics
• Evaporation of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12

• PBH to white hole Barrau+ 14

• Superconducting cosmic strings Cai+ 12; Yu+ 14

• Axion stars Iwazaki+ 14; Tkachev+ 14

• …

2021/11/19 FRB by K. Ioka 7



FRB Events are Growing
2021/11/19 FRB by K. Ioka 8

CHIME
catalog

Petroff+ 21



FRB Science will Grow
2021/11/19 FRB by K. Ioka 9

CHORD (CHIME upgrade) DSA-2000

1000s FRBs/yr
Dq~3.5 arcsec

→ FRB cosmology!

Vanderlinde+ 19

Dq~50mas



GRB Cosmology
Massive star origin ⇒ High redshift GRBs

Larson & Bromm 02 GRB
QSO, galaxy

GRBs are useful
for probing high-z

Like QSO
Like Supernova
Star formation
Reionization
Metal, Dust
Dark energy
… z~10-30

?

z~8

2021/11/19 FRB by K. Ioka 10~18年前



Radio Dispersion
High energy photon

Ionized region
Low energy photon

Δt = 4.15 s ν
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In a plasma, a light signal
is delayed
ω 2 = k2c2 +ω p

2

ω p =
4πne2

m
= 5.63×104n1 2  s−1

plasma frequency
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Luminosity

Timet~Dt

Distortion in light curve
⇒ DM
⇒ Reionization History



Dispersion Measure
is the column density of free electrons along light path

Dispersion Measure
↓

Reionization
History

Recombined electrons
provide no DM

Dispersion Measure

Redshift

Reionization
redshift

KI 03, Inoue 04
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Dispersion Measure
Thornton+ 13

Galactic latitude

2021/11/19 FRB by K. Ioka 14

dt∝DM・n-2
DM=500-1000 pc cm-3 ⇨ z~0.5-1?

Lorimer Burst
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Einstein-de Sitter
Steady-state model
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only for low z
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Repeating FRB 121102
2021/11/19 FRB by K. Ioka 19

Spitler+ 16



A FRB is Cosmological!
2021/11/19 FRB by K. Ioka 20

Chatterjee+ 17; Tendulkar+ 17; Marcote+ 17

Repeating FRB 121102 ⇒ Radio interferometry

z=0.192
dL=972Mpc



Hosts for Non-Repeaters
2021/11/19 FRB by K. Ioka 21

FRB 180924
z=0.3214
Old, clean galaxy

FRB 190523
z=0.66, old galaxy

⇒ NS-NS?
WD→NS?Bannister+ 19

Ravi+ 19



Observed DM-z
2021/11/19 FRB by K. Ioka 22

Petroff+ 21

Vertical line: Expected DMGalactic NE2001

DM IGM
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Galactic FRB from 
Magnetar Bursts

2021/11/19 FRB by K. Ioka 24

Mereghetti+ 20, Bochenek+ 20, CHIME/FRB+ 20, Li+ 20, Ridnaia+ 20, Tavani+ 20

A smoking gun! Magnetar: One of the origins



FRB 200428
2021/11/19 FRB by K. Ioka 25

CHIME+ 20

Bochenek+ 20

STARE2

○ CHIME

Mega Jy!!

The Algonquin Radio 
Observatory (ARO)
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Bochenek+ 2005.10828

Assuming
d=6.5-12.5 kpc

Only FRBs detected 
at 1-2GHz with known
distance

RRAT: rotating radio 
transients

GRP: max ~ 3e4 Jy ms
~6e31 erg @430MHz
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Li+ 2005.11071

Insight-HXMT
7.14+0.41-0.38e-7 erg/cm2

~1e40 erg

HE: 1 ms resolution 
near the peak
10 ms outside

ME & LE: 5 ms bin

Saturation near the peak 
for HE & LE
Deadtime in ME

T0=14:34:24.0114UT
(geocentric time)
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FRB 121102 Host Galaxy
2021/11/19 FRB by K. Ioka 29

No correlation

Low-Z *-forming dwarf ~(4-7)e7 M☉
Compact radio source < 0.7pc
LGHz~1039 erg/s, off-center

Chatterjee+ 17

z=0.192

x1000



Hosts for Non-Repeaters
2021/11/19 FRB by K. Ioka 30

FRB 180924
z=0.3214
Old, clean galaxy

FRB 190523
z=0.66, old galaxy

⇒ NS-NS?
WD→NS?Bannister+ 19

Ravi+ 19



Host of FRB 180916
2021/11/19 FRB by K. Ioka 31

Marcote+ 20

2nd host for repeater
z=0.0337

Massive spiral
Star-forming region
No luminous radio

Diverse host 
galaxies

See also Li+ 19
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ASKAP
6km baseline, FOV=30 deg2, Dq<0.5’’

Diversity

Bhandari+ 20Macquart+ 20



Host Galaxy
2021/11/19 FRB by K. Ioka 33

Heintz+ 20
see also Li & Zhang 20, Wang+ 20

Broad range
green valley?

WD2, NS2,
AIC WD,
CCSN

not LGRB
not 121102



Host Galaxies by HST
2021/11/19 FRB by K. Ioka 34

Mannings+ 21

Median offset
~1.4 rhalf-light

Not highest * density
(not youngest)

5/8 shows spirals
(little kick)



DM for FRB 190608
2021/11/19 FRB by K. Ioka 35

DMobs=339.8

RM=353 
rad/m2

z=0.11778

NE2001 Prochaska 
& Zheng 19

DMhost &
dDMcosmic

Simha+ 20

DMFRB(z)
=DMMW,ISM +DMMW,halo +DMcosmic(z)

+DMhost(z)

DMcosmic=DMhalo+DMIGM
Do not compare 
DMIGM with DM-z



Electron Distribution

NE2001; Cordes & Lazio 03, see also Yao+ 17

Greyscale with log levels
30 × 30kpc at z=0
Structure components
- Thick & thin disks
- Spiral arms (incl. molec. ring)
- Galactic center comp.
- Local ISM
- Individual clumps & voids
Propagation effects
- Dispersion measure
- Pulse/Angular broadening
- Scintillation bandwidth
- Emission measure
Distance estimates
- HI absorption
- Parallax (interfero. or timing)
- Associations w/ GC or SNR

We are here

Galactic center

Perseus

Cari
na

-Sa
git

tar
ius

C
ru

x-
Sc

ut
um
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a
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Orion-Cyguns
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DMMilky Way, halo

2021/11/19 FRB by K. Ioka 37

Prochaska & Zheng 19

solid: l=0, b=90 
dotted: l=280.5, b=−32.9 (LMC)

50~80 pc/cm3

high-velocity clouds, OVII abs., DMLMC
hydrostatic gas Yamasaki & Totani 20

EMX: spherical + disk-like hot gas

see also Dolag+ 15, Platts+ 20

30~245 pc/cm3



Observed DM-z
2021/11/19 FRB by K. Ioka 38

Petroff+ 21

Vertical line: Expected DMGalactic NE2001

DM IGM

~200



FRB in a Globular Cluster
2021/11/19 FRB by K. Ioka 39

M8721 cm

Subaru HSC

Not a magnetar?
or Accretion

-induced collapse?
~2

0k
pc

< 
r vir

~2
10

kp
c

3: globular cluster, [PR95] 30244

Bhardwaj+ 21

Kirsten+ 21



Low DMhost

2021/11/19 FRB by K. Ioka 40

DM = 88 pc cm-3

DMMW,ISM= 35-40
DMMW,halo~ 30
DMcosmic ~ 1
DMM87 ~ 20

If we can select such FRBs, we can do better cosmology

DMM87 for r>>rM87

DMMW,halo < 55Bhardwaj+ 21



M87 FRB is Nano Second
2021/11/19 FRB by K. Ioka 41

Majid+ 21

Dt < 62.5 ns!!
* CHIME abandons Dt<~ms

Nimmo+ 21



M87 FRB
2021/11/19 FRB by K. Ioka 42

Nimmo+ 21
Majid+ 21

between ~Crab nanoshot & extragalactic FRBs?
* CHIME abandons Dt<~ms



Very High DMhost

2021/11/19 FRB by K. Ioka 43

Very similar to
FRB 121102

but high DMhost

Niu+ 21



High z host dependence
2021/11/19 FRB by K. Ioka 44

Time dilation Redshift
DM ∝ n-2

<latexit sha1_base64="JltLB7QmMHCpSa09vCiGdyQOADw="></latexit>

DMhost / (1 + z)⇥ (1 + z)�2

Negligible at high redshift



Contents
l Introduction & History
– Dispersion measure
– FRB repeaters & Host galaxies
– Galactic FRB from a magnetar

l Host galaxies
– Diversity, Dwarf, Spiral, Globular cluster, …

l FRB cosmology
– DM, Cross-correlation, Lensing, RM, SM, …

2021/11/19 FRB by K. Ioka 45



FRB Cosmology
l Missing baryon Wb
l Reionization
l Cosmological 

parameters,
H0, Wm, WL

DMIGP =
3cH0Ωb

8πGmp

1+ z( )dz
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Fast radio bursts 
as cosmological tools
New frontier!!

KI 03, Inoue 04
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DMcosmic

2021/11/19 FRB by K. Ioka 47

fluctuation

H         He

free electron fraction H reionized @z~6 
He II reionized @z~3
e into * & BH @z<3

Takahashi, KI, Mori & Funahashi 21



DM from IllustrisTNG
2021/11/19 FRB by K. Ioka 48

Takahashi+ 21

Nelson+ 19



DMcosmic & sDM

2021/11/19 FRB by K. Ioka 49

DM~1000z
sDM~230z1/2

Takahashi+ 21

See Takahashi+ 21 for
theoretical curves



What Determines sDM?
2021/11/19 FRB by K. Ioka 50

* & AGN
feedbacks
suppress

<Mpc
power

affect sDM
by 2x

fitting curve
= Halofit +
correction

DM

Baryon



Order Estimate
2021/11/19 FRB by K. Ioka 51
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DM Distributions
2021/11/19 FRB by K. Ioka 52

~ log-normal

Takahashi+ 21



Cosmological Simulation

DMhalo~30pc/cc~DMGal
Distribution of DMcosmo

Dolag+14

2021/11/19 FRB by K. Ioka 53

Magneticum Pathfinder



DM Distribution

Distribution is consistent with extragalactic origin

Dolag+14

(mass)

2021/11/19 FRB by K. Ioka 54

see also Shirasaki+ 17, Pol+ 19, Jaroszynski+ 19 (Illustris)



Observed DM 
Distribution

2021/11/19 FRB by K. Ioka 55

CHIME/FRB 21

~ lognormal as expected



Macquart+ 20
2021/11/19 FRB by K. Ioka 56

The real
FRB cosmology!

90% of 
DMcosmic



A Census of Baryons
2021/11/19 FRB by K. Ioka 57

a:
DMhost: log-normal
median eµ, log width shost

F: Baryon feedback
(0.1 strong, 0.4 weak)
Green dot: Wb=CMB+BBN
Contours: 10%

b:
Orange: CMB+BBN
Blue: F[0.09,0.32]
Red: F[0,0.5]
Dot, Dot-dashed: 68 & 95%

Macquart+ 20



Dark Energy & Wm

~1000 FRBsFRB

BAO

SNIa

Zhou+ 14
Gao+ 14
Zhao+ 20
Kashiyama+ 13

2021/11/19 FRB by K. Ioka 58
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Hubble Constant
2021/11/19 FRB by K. Ioka 59

9 FRBs
H0=62.3±9.1

Degeneracy
btw Wb h

is broken by
the other obs.
such as BBN

Hagstotz+ 21, Wu+ 21



He Reionization
H I: 13.6 eV
He I: 24.6 eV
He II:54.4 eV
Hell reionized @z<3

Zheng+ 14
Deng & Zhang 14
Zhou+ 14

2021/11/19 FRB by K. Ioka 60

HeII reionization:
fe=1-(3/4)Y~0.818
→ 1-(1/2)Y~0.879

500-104 FRBs
are required

Caleb+ 19, Linder+ 20, Lau+ 21, 
Bhattacharya+ 21, Dai & Xia 21



Angular Power Spectrum
2021/11/19 FRB by K. Ioka 61

Takahashi+ 21, Shirasaki+ 17



Angular Correlation
2021/11/19 FRB by K. Ioka 62

CHIME
catalog

DM<500 pc/cm3

210 FRBs

Still large
statistical

error

Xu+ 21

Black: Monte Carlo
Cyan: Takahashi+ 21



Cross Correlation
2021/11/19 FRB by K. Ioka 63

Shirasaki, Takahashi, Osato & KI 21

DM-Galaxy 
cross correlation
breaks Wb, h & fe

degeneracy

2-halo
term

1-halo
term

Gas-to-
halo mass
relation
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Circumgalactic Gas?
2021/11/19 FRB by K. Ioka 65

FRB intersecting 
nearby (<40Mpc)

GW galaxy catalogue

Connor & Ravi 21

DMexcess=200±100

larger than expected



DM-Galaxy Correlation?
2021/11/19 FRB by K. Ioka 66

Rafiei-Ravandi+ 21 I do not understand this quantity…

3 kinds of galaxy catalog



DM × Sunyaev-Zel’dovich
2021/11/19 FRB by K. Ioka 67

Fujita+ 17, Munoz & Loeb 18, Madhavacheril+ 19

WHIM of clusters @r>rvir

n=20 events/deg2

for errors

from DM

from SZ

DM×SZ



Event Rate
2021/11/19 FRB by K. Ioka 68

Luo+ 20, Lu & Piro 19

R ~ 3 x 104 Gpc-3 yr-1 ~ RSN/3

Hashimoto+ 20

From 46 FRBs, Schechter function, No z-evolution From 90 FRBs, No z-evolution



Event Rate by CHIME
2021/11/19 FRB by K. Ioka 69

535 FRBs
F > 5 Jy ms
@600MHz

a~-3/2
Euclidean

R~0.01 RSN

log N-log S index
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©Li+ @FRB20



Event Rate by FAST
2021/11/19 FRB by K. Ioka 71

→All sky
R=120,000/day
@>0.0146 Jy ms

Niu+ 21

From 4 FRBs
R~RSN

~10/deg2/day



Gravitational Lensing
2021/11/19 FRB by K. Ioka 72

Munoz+ 16, see also Sammons+ 20 for the first trial



L Directly from Lensing
• D ~ Gpc ~ 3e27 cm
• rs ~ 3e17 cm for a galaxy
• Einstein radius 

rE ~ (D rs)1/2 ~ 3e22 cm
• q ~ rE/D ~ 10-5

• DT ~ q2 D/c ~ 107 s (∝H0)
• Dt/DT ~ 10-10 [~ 1yr/1010yr]
• Direct detection of cosmic acceleration

2021/11/19 FRB by K. Ioka 73

Li+ 18, Zitrin & Eichler 18, Wucknitz+ 21
also can reach k < 0.076



Rotation Measure
2021/11/19 FRB by K. Ioka 74

~100% linear polarization!

radio-loud magnetars
Galactic center pulsars

Michilli+ 18 

1.46e5 to
1.33e5 in
7 months [µG]



Halo Magnetic Field
2021/11/19 FRB by K. Ioka 75

z=0.47

z=0.37
M~5e10 M⦿

29 kpc

RM=10.9±0.9 rad/m2 < 11 rad/m2
Prochaska+ 19
see also
Akahori+ 16
Ravi+ 16



Pulse Scattering

Lorimer 08

2021/11/19 FRB by K. Ioka 76



Below Galactic Scattering
2021/11/19 FRB by K. Ioka 77

Less turbulent
than in Galaxy

FRB110220Lorimer
Keane

Lorimer+ 13
Luan & Goldreich 14



Scattering Time
2021/11/19 FRB by K. Ioka 78

CHIME/FRB 21
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Thank 
You



FRB from a Magnetar!
• Fast radio burst 200428
– STARE2, CHIME
– ~MJy, ~msec, Eradio~1035 erg

• Magnetar SGR 1935+2154 in our Galaxy

• With X-ray bursts
– EX~1040 erg, Ep~80 keV, EX/Eradio~105

– Other FRBs are >108 times fainter

• Cosmological FRBs are also magnetar bursts?

2021/11/19 FRB by K. Ioka 81



Non-Repeater & Repeater
2021/11/19 FRB by K. Ioka 82

CHIME+ 19
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Fonseca+ 20



FRB Morphology
2021/11/19 FRB by K. Ioka 84

Pleunis+ 21

simple broadband
simple narrowband
temporally complex
downward drifting

Repeaters:
wider Dt

narrower dn?
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CHIME/FRB 21
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CHIME/FRB 21



FRB 20180916B
2021/11/19 FRB by K. Ioka 87

<1e-4 M⦿/yr
~250pc away

from stellar clump

Not a magnetar?
but HMXB 

& g-ray binary?

Tendulkar+ 21



Magnetar or Not?
2021/11/19 FRB by K. Ioka 88

Safarzadeh+ 20

Yes No

Bochenek+ 21

Conflicting with each other



Similar to Milky Way NS?
2021/11/19 FRB by K. Ioka 89

Face-on image 
of Milky Way

FRB distribution
~ Galactic NSs in MW

Chrimes+ 21



Highest Redshift by FAST
2021/11/19 FRB by K. Ioka 90
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Niu+ 21

Please 
plot log!

At least
up to

DM~4000
z~4



Event Rate
2021/11/19 FRB by K. Ioka 91

CHIME/FRB 21



RM Evolution
2021/11/19 FRB by K. Ioka 92

Hilmarsson+ 21



Scattering
2021/11/19 FRB by K. Ioka 93

Bhandari & Flynn 21



2021/11/19 FRB by K. Ioka 94

Bhandari & Flynn 21



Polarization
2021/11/19 FRB by K. Ioka 95

Day+ 20 
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Li+ 21
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Li+ 21



Future Prospects
2021/11/19 FRB by K. Ioka 98

ⓒMasui



Single-Dish Localization
2021/11/19 FRB by K. Ioka 99

Parkes radio telescope
64 m dish size

Bad localization

FRB 150418
→ variability
→ the source?
But it is AGN

Keane+ 16



Uncertainty Principle?
2021/11/19 FRB by K. Ioka 100

Dn ~ 65 MHz
Dt ~ 1 ms
Dn Dt ~ 65000

Dt may be ~ µs

* Crab nanoshot
Dn ~ 500 MHz
Dt ~ 2 ns
Dn Dt ~ 1

Kumar+ 21

Hankins+ 03



Lorimer Burst 010724

S=30±10Jy, dt<5ms
DM=375 cm-3 pc ⇒ z~0.1-0.3
W∝f-4.8±0.4, S∝f-4

b=-41.8deg

LMC(Ha, HI)

Lorimer+ 07

2021/11/19 FRB by K. Ioka 101



Terrestrial?

16 “Perytons” in all 
13 telescope receivers

Burke-Spolaor+ 11; Kocz+ 12; Saint-Hilaire+ 12

2021/11/19 FRB by K. Ioka 102

Dispersion MeasureLightening, Aircraft, Microwave oven, …?



DM from Afterglow
Distortion
at t~Dt
⇒ DM

Dt∝n-2

KI 03

Unfortunately 
radio afterglows
are not so bright

2021/11/19 FRB by K. Ioka 103
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CHIME+ 2005.10324



2021/11/19 FRB by K. Ioka 105

Bochenek+ 2005.10828

Tb~1.4e32 K

No evidence for a local DM

scattering ~0.4(1) ms@1GHz
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CHIME+ 2005.10324



Konus-WIND
2021/11/19 FRB by K. Ioka 107

T0=14:34:24.447 UT
(geocentric time)

Ridnaia+ 2005.11178



AGILE
2021/11/19 FRB by K. Ioka 108

18-60 keV (Super-AGILE), ~0.5 sec, cutoff ~80 keV (No AC signal), ~8.1e39 erg @12 kpc
at 121 deg off-axis angle, S/N=3.8s, post-trial 2.9s

Tavani+ 2005.12164



FRB 190520
2021/11/19 FRB by K. Ioka 109

Niu+ 21
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Niu+ 21



Current DM Range
2021/11/19 FRB by K. Ioka 111

Petroff+ 21
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Missing Baryon
2021/11/19 FRB by K. Ioka 112

Fukugita, Hogan & Peebles 98

WHIM
T~105-7K

de Graaff+ 19



Locating Missing Baryon

McQuinn 13

2021/11/19 FRB by K. Ioka 113

Half of baryon is missing
DM is sensitive its distribution

1s error
w/ stacking


