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Fast Radio Bursts (FRBs)

Lorimer et al. (2007)
First event: FRB 010125
Thornton, et al., 2013, Science

Observations

Adam Deller’s talk

FRBs: Observational properties
Petroff, Hessels & Lorimer, 2019, A&AR
Cordes & Chatterjee, 2019, ARAA
Katz, 2016, 2018; Popov et al. 2018

•

Short duration: milli-seconds (compact objects)
!

•

High Galactic latitudes (extragalactic), isotropic but non-Euclidean
(cosmological), non-Euclidean

• High rate: !

∼ 104 day−1 all sky,!
GRBs

FRBs

sionFRBs:
Measure
Observational properties
DM definition:

•
•

High dispersion measure (DM)
Redshift (~ 0.1 - 3)
DM definition:
– Isotropic
peak luminosity: 1042 -1044 erg/s
– Isotropic emission energy: 1039-1042 erg

f FRB
Delay time:

DM of FR

DM contributions:
Delay time:

D

Host Galaxy

Near-source
plasma

Earth

Zhang, 2018, ApJL, 867, L21

Cordes +, 2016, ApJ

FRBs: Observational properties
•

True redshifts for three localized FRBs:
• FRB 121102: z ~ 0.19 (Tendulkar et al. 2017)
• FRB 180924: z ~ 0.32 (Bannister et al. 2019)
• FRB 190523: z ~ 0.66 (Ravi et al. 2019)

Credit: Z. Li

See also Adam Deller’s talk
Ken Nagamine’s poster (theoretical)

The Champion et al. bursts…
FRBs: Observational
properties
•

High brightness temperature (coherent
n Champion et al. (2016)
emission)

•
•
•

!

•
•

n FRB 090625 DM=897
Typical frequency (400 MHz to 8 GHz)
FRB
121002
Spectral index: -10 n
top
+14
(FRBDM=1629
121102)
n FRB 130626 DM=952
Internal structure & scattering tail
n FRB 130628 DM=469
Frequency downdrifting
n FRB 130729 DM=860

Champion et al. 2016
Hessels et al. 2019
Amiri et al. 2019
FRB 121102

FRB 180814.J0422+73
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Modified Julian dates are referenced to infinite frequency at the Solar System barycentre; their uncertainties are of the order of the burst widths. Widths have uncertainties of about 10 µs. Peak flux
densities S and fluences F have about 20% fractional uncertainties. Rotation measures are not corrected for redshift, and polarization angles are referenced to infinite frequency. Bursts with no
individual rotation measure entry (–) were too weak to reliably fit on their own. The last two columns refer to a global fit of all bursts. All errors are 1σ; see Methods for observational details.
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statistical significance and indicate that the rotation measure can vary by
at least 10% on half-year timescales (Table 1 and Extended Data Fig. 5).
The Faraday rotation must come almost exclusively from
within the host galaxy; the expected Milky Way contribution17 is
−25 ± 80 rad m−2, while estimated intergalactic medium contributions18
are lower than about 102 rad m−2. In the source reference frame,
RMsrc = RMobs (1 + z)2 = +1.46 × 105 rad m−2 and +1.33 × 105 rad m−2
for the Arecibo and GBT data, respectively, where z is the redshift.
Without a correspondingly large change in the dispersion measure,

–1

the observed variations in rotation measure indicate that the Faraday
rotation comes from a compact region with a high magnetic field.
Furthermore, that region must be close to FRB 121102 because it is
very unlikely that an unrelated small structure with the required high
magnetic field is coincidentally in the line of sight.
We can fit all 16 Arecibo bursts with a single polarization angle
PA global
= 58! ± 1! (referenced to infinite frequency; measured anti∞
clockwise from North to East) and a single RMglobal per observation
day (Table 1). However, we cannot rule out small changes in the

FRBs: Observational properties
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Mixed polarization properties:
~100% linear polarization for some,
(b)
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• Some have circular polarization,
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result
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Figure 2 | Faraday rotation in the bursts. a, b, Variations of the Stokes
parameters Q (a) and U (b) with frequency, normalized by the total linear
polarization (L = Q 2 + U 2 ), for the six brightest Arecibo bursts detected
on modified Julian date 57,747. Different bursts are plotted using different
colours. Only data points with signal-to-noise ratio higher than 5 are
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•
•

25

plotted
4.8

and do not include uncertainties. The black lines represent the
best-fitting Faraday rotation model for the global values reported in
Table 1. c, Difference between calculated and measured polarization
angles (∆PA) with 1σ uncertainties around the central values, which are
indicated with black dots.
4.4

Frequency (GHz)

PA (°)

rotation measure (below about 50 rad m−2) and polarization angle
An alternative description of FRB 121102 has been proposed by a
(lower than approximately 10°) between bursts. The GBT
millisecond magnetar model8,10,13. According
to that model, one would
c
d
global
data are not well modelled by the use of a single PA ∞ value, but 90expect a surrounding supernova remnant and nebula powered by the
65
this could be an instrumental difference or reflection of the higher central neutron star. The ne, LRM and Te constraints are broadly com40
observing frequency. The near constancy of the polarization angle patible with the conditions inGBT-1
pulsar-wind nebulae, but dense filaments
GBT-2
suggests that the burst emitter has a stable geometric orientation with like those seen in the Crab Nebula24 may need to be invoked to explain
8.0
respect to the observer. A linear polarization fraction higher than the high and variable rotation measure of FRB 121102. In a young
about 98% at a single rotation measure constrains turbulent scatter19 neutron star scenario, an expanding supernova remnant could also in
7.2
as σRM < 25 rad m−2 and the linear gradient across the source as principle produce a high rotation measure by sweeping up surrounding
∆RM < 20 rad m−2, and there is no evidence of deviations from the 6.4ambient medium and progenitor ejecta25. A more detailed discussion
squared-wavelength (λ2) scaling of the Faraday rotation effect. Analysis of these scenarios is provided in Methods, and more exotic models also
with the RM Synthesis technique and the deconvolution procedure 5.6remain possible26 .
RMCLEAN also implies a ‘Faraday-thin’ medium (see Methods).
Regardless of its nature, FRB 121102 clearly inhabits an extreme
4.8
magneto-ionic
environment.
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In the rest frame, the host galaxy contributes a dispersion measure –1.0
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1 | Polarization
angles, pulse profile and spectrum of four
Arecibo bursts are plotted with time and frequency resolutions of 10.24 µs
Given RMsrc, this corresponds to an estimated Figure
line-of-sight
magnetic
bursts.range
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tion measure (DMRM) could be much smaller than the total dispersion
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measure contribution of the host (DMhost, dominated by the star© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
forming region), which we quantify by the scaling factor fDM = DMhost/
PSR J1746–2856
DMRM ≥ 1. For comparison, typical magnetic field strengths within the
10 4
PSR J1746–2849
interstellar medium of our Galaxy20 are only about 5 µG.
We
can
constrain
the
electron
density,
electron
temperature
(T
)
e
RESEARCH LETTER
and length scale (LRM) of the region causing the Faraday rotation by
10 3
balancing the magnetic field and thermal energy densities (Extended
6
a
Data Fig. 6 ). For example, assuming equipartition and Te = 10 K,
1
FRB 110523
we find a density of ne ≈ 102 cm−3 on a length scale of LRM ≈ 1 pc,
10
0
comparable to the upper limit of the size of the persistent source .
10 2
FR B150418
A star-forming region, such as that hosting FRB 121102, will contain
–1
H ii regions of ionized hydrogen. Although very compact H ii regions
b
FRB
150807
1
have sufficiently high magnetic fields and electron densities to explain
10 1
the large rotation measure, the constraints from DMhost and the absence
0
of free–free absorption of the bursts exclude a wide range of H ii region
FRB 150215
–1
sizes and densities21 for typical temperatures of 104 K.
c
25
The environment around a massive black hole is consistent with
10 0
101
102
103
the ne, LRM and Te constraints22, and the properties of the persistent
DM (pc cm−3 )
0
source are compatible with those of a low-luminosity, accreting massive
black hole10. The high rotation measure towards the Galactic Centre Figure 3 | Magnitude of rotation measure versus dispersion measure
–25
magnetar23 PSR J1745−2900 (Fig. 3), RM = −7 × 104 rad m−2, provides for fast radio bursts and Galactic pulsars. Radio-loud magnetars are
highlighted with red dots, while radio pulsars and magnetars closest
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Repetition:
At least a fraction of FRB sources repeat
•

•

2016, First repeater: FRB 121102
(Arecibo)
2018, Second repeater: FRB
180814.J0422+73 (CHIME)
2019, (at least) 8 new repeaters from
CHIME
2019, ASKAP bright burst (FRB
171019) followed by faint bursts
detected by GBT
2019, FAST repeater(s)

•

Repeatings FRBs are no longer news

•
•
•

Spitler et al. 2016

Relatives of FRBs

FRBs

GRBs

radio pulsars

FRBs vs. GRBs
• Physical connection??
• Cultural connection
between the two fields

FRBs vs. GRBs
GRBs

FRBs

Step one: Are they
astrophysical?

1967 – 1973

Step two: Where are
they (distance)?

1973 – 1997 – 2004
2016
(Afterglow counterpart, (VLBI localization of
host galaxy)
first repeater, direct
localizations with
ASKAP, host galaxy)

Step three: What make 1998 – 2017
them?
(SN Ic, GW)

2007 – 2015

???
(young magnetars?
pulsars? massive black
holes? …)

Observationally driven
Healthy dialog between observers and theorists

What may make them?
(An incomplete list, no particular order)
Platts et al. (2018) for full list

Repeating:
•
•
•
•
•
•
•
•
•
•

Supergiant radio pulses (Cordes & Wasserman 2015; Connor et al. 2015; Pen & Connor 2015)
Magnetar giant flare radio bursts (Popov et al. 2007, 2013; Kulkarni et al. 2014; Katz 2015)
NS-Asteroid collisions (Geng & Huang 2015; Dai et al. 2016)
WD accretion (Gu et al. 2016)
Flaring stars (Loeb et al. 2013; Maoz et al. 2015)
AGN induced plasma instability (Romero et al. 2016)
Young magnetar powered bursts (Murase et al. 2016; Metzger et al. 2017)
Cosmic combs (Zhang 2017)
Bremsstrahlung / synchrotron / curvature maser (Romero et al. 2016; Ghisellini 2017; Waxman 2017; Beloborodov 2017)
Instability within pulsar magnetosphere (Philippov, Katz)

Catastrophic:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Collapses of supra-massive neutron stars to black holes (thousands to million years later after birth, or in a small fraction
hundreds/thousands of seconds after birth), ejecting “magnetic hair” (Falcke & Rezzolla 2013; Zhang 2014)
Magnetospheric activity after NS-NS mergers (Totani 2013)
Unipolar inductor in NS-NS mergers (Piro 2012; Wang et al. 2016)
Mergers of binary white dwarfs (Kashiyama et al. 2013)
BH-BH mergers (charged) (Zhang 2016; Liebling & Palenzuela 2016)
Kerr-Newman BH instability (Liu et al. 2016)
Cosmic sparks from superconducting strings (Vachaspati 2008; Yu et al. 2014)
Evaporation of primordial black holes (Rees 1977; Keane et al. 2012)
White holes (Barrau et al. 2014; Haggard)
Axion miniclusters, axion stars (Tkachev 2015; Iwazaki 2015)
Quark Nova (Shand et al. 2015)
Dark matter-induced collapse of NSs (Fuller & Ott 2015)
Higgs portals to pulsar collapse (Bramante & Elahi 2015)
charged CBC in general, plunging BH-NS mergers (Zhang 2019)
……

Lessons from GRBs
• Discovered in late 1960s
• More than 100 models
•

“The only feature that all but
one (and perhaps all) of the
very many proposed models
have in common is that they will
not be the explanation of
gamma-ray bursts”
– Malvin Ruderman (1975)

• The same may be stated
for FRB models — right
now > 50 models
Nemiroff, 1994, Comments on Astrophysics, 17, 189

118 models

Multiple progenitor systems?
GRBs
Repeating/nearby

SGRs

FRBs

Catastrophic/cosmological
Core collapse

Repeating
Cosmological!

Catastrophic?
Cosmological?

Compact star merger
repeater

LGRBs

SGRBs

Sub-classes??

Known observationally-defined transients have multiple progenitors (SNe & GRBs)

Lessons from GRBs
• Relativistic outflow
• Internal & external
shocks
• Some ideas (not
observationally
confirmed) on
coherent radio
emission
• Synchrotron
masers

Metzger et al. 2019

Meszaros 2001

Relatives of FRBs

FRBs

GRBs

radio pulsars

Lessons from radio pulsars
• Pulsar radio emission has Tb ~ 1025 -1030 K, second
highest brightness temperature in the universe
• Theoretical ideas to produce coherent pulsar radio
emission (magnetospheric)
• Bunching (antenna)
• Maser (collective plasma effect, negative
absorption…)
• Observationally there are at least two ways to
produce pulsar radio emission in magnetosphere
• Polar cap region (bunching?)
• Near light cylinder (maser?)

Crab pulsar radio emission

from polar cap?

from outer
magnetosphere?

Normal radio pulsars

young pulsars
(Crab like)

old pulsars

Karastergiou & Johnson (2007)

Radius-to-frequency mapping

A third possibility:
The double pulsars: J0737-3039A & B

Pulsar A’s wind re-shape B’s magnetosphere

Lessons from pulsars: Bottom line
• Emission is made “bottom-up”, not
“top-down”
• All related to magnetospheres
• Energy power
• spin-down power
• magnetic energy power
• kinetic energy power
• accretion power

Radiation Mechanisms

Coherent mechanisms
• Pulsar-like (magnetosphere)
• Coherent curvature radiation by bunches
(Katz 2016; Kumar et al. 2017; Yang & Zhang
2018)
• Collective plasma effect (plasma maser)
(Lyutikov 2019)
• Vacuum maser

• GRB-like (far from magnetosphere)
• Plasma synchrotron maser (I): low B
(Waxman 2017)
• Plasma synchrotron maser (II): ordered B,
σ! ∼ 1 (Lyubarski 2014; Plotnikov & Sironi
2019; Metzger et al. 2019; Beloborodov 2019)
• Vacuum synchrotron maser (Ghisellini 2017)

Lu & Kumar (2018) for a critical analysis of these models

Score card of radiation models
Pulsar-like models

GRB-like models

Bunching
curvature
radiation

Plasma
maser

Vacuum
maser
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maser I
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maser II

Vacuum
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N?
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100%
polarization
low
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circular
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diversity

theoretical
issues

Coherent radiation by bunches
Yang & Zhang, 2018, ApJ, 868, 31

• Broken power law
spectrum
• Depends on three
characteristic frequencies
• From open field lines!
(field lines flare out)
See other constraints by Kumar et al. (2017)

Time-frequency down-drifting: evidence of
magnetospheric radiation in open field line regions
Wang et al., 2019, ApJL, 876, L15

FRB 121102
Hessels et al., 2018

FRB 180814.J0422+73
Amiri et al. 2019

Lyutikov 2019 for the similar idea

Source Models I:
Repeating (non-catastrophic)
models

Possible energy powers
• Intrinsic power
• Spin-down power
• Magnetic power
• Extrinsic power
• Gravitational power
• Kinetic power

Possible sources
• Neutron star models
• Intrinsic models (reconnection, star quake,
instability, “flashing”, etc)
• Young pulsars
• Old magnetars
• young magnetars

• Extrinsic models
• NS accretion models (accretion, comets & asteroids)
• Cosmic comb (interaction)

• Non-neutron star models (not discussed)
• AGNs
• Accreting white dwarfs
• Exotic models (cosmic strings, macroscopic
magnetic dipole, etc.)

Best bet:
Intrinsic pulsar/magnetar models
• Pros/features:
• Spindown or magnetically powered
• Not disruptive, known giant pulses
(young pulsars) and magnetar giant
flares (old magnetars)
• Cons:
• Drawbacks of known populations
(young pulsars & old magnetars)
• Promise of the imaginary population
(young magnetars) not fulfilled

Young pulsar models
(Cordes & Wasserman 2016; Conor et al. 2016)

• Motivations:
• Nano-shots in Crab?
• Most familiar (but not
understood) mechanism
• Issues:
• Requires extreme
stretching of parameters
(“ERB”, “noncosmological”)
• Cosmological origin
disfavors it unless they are
from young magnetars
with ~100% efficiency

Cordes & Wasserman 2016

Magnetar giant flare models
(Popov et al. 2007, 2013; Kulkarni et al. 2014; Katz 2015)

• Motivations:
• Magnetars produce
giant flares with a
short hard gammaray peak
• There could be radio
emission associated
with it
• Issues:
• Constraints from
SGR 1806-20

Radio Non-Detection of Giant Flare from SGR 1806 20

3

Fig. 1.— Plots and statistics of dedispersed single pulse events on the 64-m Parkes Telescope data gathered during the SGR 1806 20
giant flare. The bottom plot shows the candidate single pulses detected as a function of time and DM. The symbol size indicates the
detection signal to noise ratio (SNR). The flare arrival time corresponds to 66.5 s after the start of the observation (red track). The slope
of the red track corresponds to the expected dispersion delay between the -ray arrival and the pulse arrival at 1374 MHz. The cluster of
candidates to the left of the red track at DM⇡ 2600 pc cm 3 was verified to be narrow band RFI at 1500 MHz (single channel). The upper
three plots show the detection statistics; Top Left: Histogram of candidate detections as a function of SNR. Top Middle: Histogram of
number of candidate detections as a function of DM. The strong peak at DM=144 pc cm 3 corresponds to pulses from PSR J1557 4258.
Top Right: Scatter plot of SNR vs DM for each candidate detection.

Tendulkar et al. (2016)

2.3. Radio Flux Limits
To calculate the lower limit on the flux of a single pulse
detection in the Parkes data, we used the methodology of
the Parkes multi-beam pulsar survey (Manchester et al.
2001) which uses the same instrumentation as the data
analyzed here. The limiting flux density is given by

where
= 1.5 is a loss factor (from the one-bit sampling as well as other e↵ects), = 6 is detection SNR
threshold, Tsys = 21 K is the system temperature, G =
0.735 K/Jy is the telescope gain for the central beam,
B = 288 MHz is the telescope bandwidth, Np = 2 is the
number of polarizations and ⌧obs is the observing time.

Young magnetar models
Connecting FRB 121102 to Magnetar Birth

• Motivations (Murase et al,. 2016; Metzger
et al. 2017):
• Star-forming galaxy of FRB 121102 is
analogous to those of long GRBs and
SLSNe
• Young magnetars have high spindown
luminosity and enough magnetic
energy to power the repeating bursts
• Issues:
• Cannot be too old — otherwise the
spindown luminosity is not large
enough
• Cannot be too young — otherwise
radio waves cannot escape (free-free
absorption) and DM would show
evolution over several years (no
evolution was observed)

3

Fig. 1.— Comparison of the absolute magnitude, stellar mass, star formation rate, and metallicity of the host galaxy of FRB 121102to
those of SLSNe-I (Lunnan et al. 2014; Schulze et al. 2016; Perley et al. 2016a) and LGRBs (Modjaz et al. 2008; Castro Cerón et al. 2010;
Levesque et al. 2010; Vergani et al. 2015; Japelj et al. 2016; Perley et al. 2016b).

Connecting FRB 121102 to Magn

ejecta be comparable, or moderately less than, the
timescale of the SN optical peak of weeks. Model fits to
SLSNe-I light curves generally find values of B14 ⇠ 1 10
and P ⇠ 3 5 ms (e.g. Chatzopoulos et al. 2013; Nicholl
et al. 2014). By contrast, powering the relativistic jet
of an LGRB typically requires P ⇠ 1 2 ms and much
stronger dipole fields B14 & 10 30 in order to match the
spin-down luminosity to the beaming-corrected LGRB
luminosities of L ⇠ 1050 erg s 1 (e.g. Metzger et al.
2011); however, because of the short timescale of the engine, the light curves of LGRB-SN themselves are powered primarily by radioactive 56 Ni (e.g. Metzger et al.
2015; Cano et al. 2016).4
We now review ways that a young magnetar could
power FRBs through its rotational or magnetic energy, focusing on constraints on the age of the sys4 The ultra-long GRB111209 (engine duration ⇡ 1 hour) was
accompanied by an unusually luminous (though not quite superluminous) SN 2011kl (Greiner et al. 2015); this event could represent a hybrid event with an intermediate-duration engine that
produced both a successful jet and later contributed to powering
the SN emission (Metzger et al. 2015).

tem to explain FRB 121102. Each radio burst from
FRB 121102 carries an energy EFRB = fb Eiso , where
Eiso ⇡ 1038 1040 erg is the measured isotropic equivalent energy (Chatterjee et al. 2017) and fb . 1 is the
beaming fraction. Although the value of fb is uncertain,
it cannot be too small or the beaming-correct volumetric
FRB rate would greatly exceed SLSNe-I/LGRB rates,
even when accounting for the fact that a given magnetar
magnetar birth event can produce multiple FRBs (§5).
Therefore, if the radio bursts are powered by the rotational energy, either directly or in a rotationally powered
jet interacting with the stellar ejecta (e.g. Romero et al.
2016), the spin-down luminosity must exceed
EFRB
Lsd & LFRB =
tFRB
✓
◆✓
◆
tFRB
Eiso
⇡ 1042 fb
1039 erg
1 ms

1

erg s

1

,

(4)

where tFRB is the burst duration. Equation (1) shows
that, unless fb ⌧ 1, powering an FRB through spindown requires a very young magnetar of age tage .

Metzger et al. 2017

Young magnetar bandwagon:
Fact or wishful imagination?
Connecting FRB 121102 to Magnetar Birth

• FRB hosts should be similar to those of long
GRBs and SLSNe (Metzger et al. 2017)
• Fact: No. Most are in old environment
• WI: They are from magnetars made from NSNS mergers (Margalit et al. 2019)
• One should detect FRBs from LGRB & SLSNe
remnants (Metzger et al. 2017)
• Fact: So far no (Men et al. 2019; Law et al.
2019)
• WI: They form persistent radio sources similar
to FRB 121102, FRBs should come someday
• FRBs should have large RMs (Margalit &
Metzger 2018)
• Fact: Except FRB 121102, others not
• WI: FRB 121102 is a repeater. Repeaters
should have large RM
• Repeating FRBs should have long RMs
(Metzger et al. 2019)
• Fact: Except FRB 121102, others not
• WI: FRB 121102 is a young magnetar, others
are old

3

Fig. 1.— Comparison of the absolute magnitude, stellar mass, star formation rate, and metallicity of the host galaxy of FRB 121102to
those of SLSNe-I (Lunnan et al. 2014; Schulze et al. 2016; Perley et al. 2016a) and LGRBs (Modjaz et al. 2008; Castro Cerón et al. 2010;
Levesque et al. 2010; Vergani et al. 2015; Japelj et al. 2016; Perley et al. 2016b).

ejecta be comparable, or moderately less than, the
timescale of the SN optical peak of weeks. Model fits to
SLSNe-I light curves generally find values of B14 ⇠ 1 10
and P ⇠ 3 5 ms (e.g. Chatzopoulos et al. 2013; Nicholl
et al. 2014). By contrast, powering the relativistic jet
of an LGRB typically requires P ⇠ 1 2 ms and much
stronger dipole fields B14 & 10 30 in order to match the
spin-down luminosity to the beaming-corrected LGRB
luminosities of L ⇠ 1050 erg s 1 (e.g. Metzger et al.
2011); however, because of the short timescale of the engine, the light curves of LGRB-SN themselves are powered primarily by radioactive 56 Ni (e.g. Metzger et al.
2015; Cano et al. 2016).4
We now review ways that a young magnetar could
power FRBs through its rotational or magnetic energy, focusing on constraints on the age of the sys-

tem to explain FRB 121102. Each radio burst from
FRB 121102 carries an energy EFRB = fb Eiso , where
Eiso ⇡ 1038 1040 erg is the measured isotropic equivalent energy (Chatterjee et al. 2017) and fb . 1 is the
beaming fraction. Although the value of fb is uncertain,
it cannot be too small or the beaming-correct volumetric
FRB rate would greatly exceed SLSNe-I/LGRB rates,
even when accounting for the fact that a given magnetar
magnetar birth event can produce multiple FRBs (§5).
Therefore, if the radio bursts are powered by the rotational energy, either directly or in a rotationally powered
jet interacting with the stellar ejecta (e.g. Romero et al.
2016), the spin-down luminosity must exceed

All the predictions of this
model have failed so far!
4 The ultra-long GRB111209 (engine duration ⇡ 1 hour) was
accompanied by an unusually luminous (though not quite superluminous) SN 2011kl (Greiner et al. 2015); this event could represent a hybrid event with an intermediate-duration engine that
produced both a successful jet and later contributed to powering
the SN emission (Metzger et al. 2015).

EFRB
Lsd & LFRB =
tFRB
✓
◆✓
◆
tFRB
Eiso
42
⇡ 10 fb
1039 erg
1 ms

1

erg s

1

,

(4)

where tFRB is the burst duration. Equation (1) shows
that, unless fb ⌧ 1, powering an FRB through spindown requires a very young magnetar of age tage .

When should one seriously
consider other possibilities?

Also Adam Deller’s talk

Extrinsic pulsar/magnetar models
• Gravitationally powered
• Accretion-induced instabilities
• Comet/asteroid collisions
• Kinetically powered
• Interaction between an external
wind (“stream”) with a pulsar
magnetosphere (cosmic string)

One specific model:
NS - asteroids/comets collisions
• Several authors suggested such
collisions as sources of FRBs (Geng &
Huang 2015; Dai et al. 2016; Bagchi 2017)

• If the model turns out correct, can probe
extragalactic planetary systems
• General issue of accretion models

• N-body simulations of collision rate
suggest extreme physical conditions
to reproduce the observed repetition
rate (Smallwood, Martin & Zhang, 2019, MNRAS)

Smallwood et al. (2019, MNRAS)

Rate: the belt needs to be 4 orders of magnitude denser than Kuiper belt even
under most favorable conditions

Cosmic combs
Zhang (2017, ApJL, 836, L32)

• Condition: ram pressure >
magnetic pressure (energy
is from an external source)
• Source of comb: AGN, GRB,
SN, TDE, companion …
• Motivation: a unified model
• FRB 150418: combed by
an AGN
• FRB 131104: combed by
a GRB
• Repeater: “marginally”
combed by an unsteady
nebula wind

A cosmic com

Figure 1. A cartoon picture of a cosmic comb. An FRB is produced in the sheath region, which sweeps the line of sight during a
short period of time defined by Eq.(7).

a quiescent level with a steady flux. Williams & Berger
(2016) discovered that the source re-brightened to the
level of the original detection flux more than 300 days
later, suggesting that the radio source is an AGN rather
than the afterglow of the FRB. Long term monitoring of the source (Johnston et al. 2017) suggested that
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Table 1 | Properties of Arecibo (1–16) and GBT (GBT-1 and GBT-2) bursts
Burst

Modified Julian date

Width (ms)

S (Jy)

F (Jy ms)

RMobs (rad m−2)

PA∞ (°)

1
2
3
4
5
6
7
8
9
10

57,747.1295649013
57,747.1371866766
57,747.1462710273
57,747.1515739398
57,747.1544674919
57,747.1602892954
57,747.1603436945
57,747.1658277033
57,747.1663749941
57,747.1759674338

0.80
0.85
0.22
0.55
0.76
0.03
0.31
1.36
1.92
0.98

0.9
0.3
0.8
0.2
0.2
1.8
0.6
0.4
0.2
0.2

0.7
0.2
0.2
0.09
0.1
0.05
0.2
0.5
0.3
0.2

+102,741 ± 9
+102,732 ± 34
+102,689 ± 18
–
–
+102,739 ± 35
+102,663 ± 33
+102,668 ± 18
–
–

49 ± 2
55 ± 9
64 ± 5
–
–
49 ± 9
71 ± 9
67 ± 4
–
–

RMglobal (rad m−2)

11
12
13
14
15

57,748.1256436428
57,748.1535244366
57,748.1552149312
57,748.1576076618
57,748.1756968287

0.95
0.42
0.78
0.15
0.54

0.1
0.4
0.8
1.2
0.4

0.1
0.2
0.6
0.2
0.4

–
+102,508 ± 35
+102,522 ± 17
+102,489 ± 18
+102,492 ± 37

–
63 ± 10
59 ± 4
67 ± 5
64 ± 10

+102,521 ± 4

16

57,772.1290302972

0.74

0.8

0.6

+103,020 ± 12

64 ± 3

+103,039 ± 4

GBT-1
GBT-2

57,991.5801286366
57,991.5833032369

0.59
0.27

0.4
0.9

0.2
0.2

+93,526 ± 72
+93,533 ± 42

73 ± 8
71 ± 4

+93,573 ± 24

Clues from rotation measure (RM) data
RESEARCH LETTER
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Modified Julian dates are referenced to infinite frequency at the Solar System barycentre; their uncertainties are of the order of the burst widths. Widths have uncertainties of about 1
densities S and fluences F have about 20% fractional uncertainties. Rotation measures are not corrected for redshift, and polarization angles are referenced to infinite frequency. Bur
individual rotation measure entry (–) were too weak to reliably fit on their own. The last two columns refer to a global fit of all bursts. All errors are 1σ; see Methods for observational d

ΔPA (°)

statistical significance and indicate that the rotation measure can vary by
at least 10% on half-year timescales (Table 1 and Extended Data Fig. 5).
The Faraday rotation must come almost exclusively from
within the host galaxy; the expected Milky Way contribution17 is
−25 ± 80 rad m−2, while estimated intergalactic medium contributions18
are lower than about 102 rad m−2. In the source reference frame,
RMsrc = RMobs (1 + z)2 = +1.46 × 105 rad m−2 and +1.33 × 105 rad m−2
for the Arecibo and GBT data, respectively, where z is the redshift.
Without a correspondingly large change in the dispersion measure,
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the observed variations in rotation measure indicate tha
rotation comes from a compact region with a high m
Furthermore, that region must be close to FRB 121102
very unlikely that an unrelated small structure with the
magnetic field is coincidentally in the line of sight.
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∞
clockwise from North to East) and a single RMglobal pe
day (Table 1). However, we cannot rule out small ch
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Figure 1 | Polarization angles, pulse profile and spectrum of four
bursts. The grey horizontal lines indicate the average polarization angle of
each burst. The red and blue lines indicate linear and circular polarization
profiles, respectively, while the black
line121102
is the total intensity. a, b, The
FRB
PSR J1745–2900
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Arecibo bursts are plotted with time and frequency resolutio
and 1.56 MHz, respectively. c, d, The GBT bursts are plotted
frequency resolutions of 10.24 µs and 5.86 MHz, respectively
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FRB 121102: Marginal Combing by a supermassive BH
Coherent Curvature Radiation by Bunches

a synchrotron nebula, its luminosity is approximately
L ≃ 4πr2 [νa πIν (νa )], where r is the nebula radius
√ 1/2
(Yang et al. 2016), where Iν ≃ (2me / 3νB )ν 5/2 (1 −
exp(−τν )) is the SSA intensity, νB = eB/2πme c is the
electron cyclotron frequency, and ν4
a is the SSA frequency, which is defined by τν (νa ) = 1. On the other
hand, the FRBs with ν < νa will be absorbed by the
nebula, leading to a low-frequency cutoﬀ. Thus, the
synchrotron self-absorption luminosity L and the nebula magnetic field B can be constrained via (Yang et al.
2016)
!
"1/7
B
νobs > νa ≃ 1.8 GHz
1µG
!
"2/7 !
"−4/7
L
r
×
(66)
1039 erg s−1
0.01 pc

• Interpretations
• Large and variable RM
• 100% linear polarization:
curvature radiation (like
pulsars)
• Constant polarization degree
(magnetic field line nearand the observed peak flux is F ∼ F (ν ) ≃ 0.3 Jy.
We note that the luminosity L ∼ 10 erg s is just the
straight)
order of the luminosity of the persistent radio emission of
121102 (Chatterjee et al. 2017; Marcote et al. 2017;
• Repetition and temporalFRB
Tendulkar et al. 2017). Therefore, the FRB-heated synchrotron nebulae can well explain the narrow spectrum
structure (marginal combing)
of the bursts and the persistent radio emission.
7.2. Model B: Cosmic comb scenario
• Non-varying DM (not at
7.2.1. Curvature radiation from a combed magnetosphere
center)
ν,obs
39

Δα

• Falsifiable predictions:
• RM will go up again (orbital
periodic motion)
• PA orbital periodic variation

ν

α

Δ
L

Cosmic Comb

a
−1

discussed in Section 5, and the bunch w
curvature radius and a larger cross sec
the dipole magnetosphere (see Section 5
lines are combed to be nearly parallel
the cosmic stream. Assume that the b
gles are (∆φ, ∆α), where φ denotes t
around the magnetic axis, and α deno
tween the magnetic axis and the magn
that in a combed magnetosphere, ∆φ a
very small, since the field lines are com
parallel to each other. The observed
frequency νpeak is given by
Fν,max =

#
dI ##
2πe2
2π
≃
K(p)
#
2
T D dωdΩ max
c

The peak frequency is given by νpeak =
where
νl =

c
,
πL

νϕ =

3c
,
2πρϕ3

νc1

where ϕ = max(∆α/2, ∆φ/2) is defined
For a violent combing eﬀect, within t
time of interest, the original Goldreich-J
density would not be directly relevant,
configuration is abruptly modified. For
we relate the net charge density of a bun
pressed Goldreich-Julian density, i.e. nb
where n′GJ is the compressed Goldreic
and µc n′GJ denotes the fluctuation of th
sity of a bunch, which contributes to
diation. Similar to Section 6.2, we de
electron number as Ne,eﬀ , which corres
tuating net charge number in a bunc
law distribution of the eﬀective electr
$
Ne = Ne,0 (γ/γ1 )−p with Ne,eﬀ = N
electron number in the compressed volu
is given by

Figure 1. A cartoon picture of the cosmic comb model for FRB
121102. (a) A face-on-orbit view: The outgoing arrows denote th
γ1 Ne,0 /(p
− 1)
= µc n
e,eﬀ = plane.
projected magnetic field lines in theNorbital
If the
observe
o↵ the
plane, another cos i factor should be multiplied to obtai
Fig. 15.— Curvature radiation from theiscomb
magnetosphere.
15,the
somewhat
As shown
Figure of
The shadow area denotes a bunch with length
L and cross
Bk measured
by secthe observer.
Two in
examples
combinginsid
con

Zhang (2018, ApJL, 854, L21)

Source Models 2:
Non-repeating (catastrophic)
models
Disclaimer:
1. These FRBs may not exist at all. (Adam Deller)
2. If exist, they only comprise a small fraction of the
observed FRBs (e.g. Ravi 2019)

Blitzars
Falcke & Rezzolla (2014); Most et al. (2018)
4

E.R. Most, A. Nathanail and L. Rezzolla

• Features:
• Supramassive NS collapses,
ejecting magnetosphere
• Right duration
• Pros:
• Inside out
• A more violent version of pulsar
magnetosphere “sparking”
• Magnetic energy power, not
subject to constraint of spindown
luminosity

Electromagnetic emission from blitzars

7

Figure 1. Magnetic field strength |B| in the (x, z) plane shown with a colorbar and at three different times for the nonrotating model F000.B13. Also
reported are the stellar
red line in the middle and right panels), and the magnetic-field
2.0 surface (solid black line in the left panel), the apparent horizon (solid
48
lines (white lines). The initial magnetic field strength at the pole FRB000.B13
is 1013 G; note the lack of a final ordered magnetic field at late times (right panel) since the
FRB300.B13
black hole produced is of Schwarzschild type.
FRB600.B13

46

1.0

LEM

10

47

log10 LEM [erg/s]

[erg/s]

1.5
44

42

40
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• Cons:
• Not a known phenomenon before
• Not repeating

FRB000.B13
FRB300.B13
FRB600.B13
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Figure 5. EM luminosity for three representative models F000.B13, F300.B13, and F600.B13 as extracted at 205 km. The different signals in retarded
time are aligned so that they coincide when the largest peak reaches the detector. The two panels report the same data but show it either on a linear scale (left
panel) or in a logarithmic one. Note that the small differences in the initial magnetic field strengths at the poles, see Tab. 1, have been scaled out assuming a
B 2 scaling.

Figure 2. Evolution of the magnetic-field lines in the (x, z) plane for the same initial model F000.B13 shown in Fig. 1, but presented here on a larger scale
to highlight the global structure of the propagating EM wave. The initial neutron star is indicated in green in the left panel as reference scale and the apparent
horizon is not included in the middle and left panel, as it is too small for the scales considered.

Blitzar FRB following a GRB?
Zhang (2014)

• Signature of supramassive
neutron star collapse seen in
some GRBs, especially short
GRBs
• Possible
Dedicated
search
radio
burstsneeded
following GRBs?
The
Astrophysical
Journal,
757:38
(15pp),
September
The
Astrophysical
Journal,
757:38
(15pp),
20122012
September
20 20

Bannister
al. (15pp), 2012 September 20
TheBannister
Astrophysical
etJournal,
al. et 757:38

GRB 101011A

Rawlinson et al. 2010, 2013

FRBs in GRBs
Bannister et al.

•

Internal plateaus cannot be
interpreted within the framework of
the external shock models
• The rapid drop at the end of
plateau may mark collapse of a
millisecond magnetar to a black
hole
• So the end of plateau may be the
epoch when an FRB is emitted
• Rapid radio follow-up (within 100
s) of GRBs may lead to discovery
of an associated FRB, may be
brighter than normal FRBs.
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Bannister, Murphy, Gaensler & Reynolds, 2012, ApJ, 757, 38
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Compact star Coalescences (CBCs)
Totani; Zhang; Piro; Wang et al.; Liebling & Palenzuela; Liu et al.
• Significance: GW associations!
• Variations:
• Post-merger synchronization of the
magnetosphere (NS-NS mergers
only)
• Unipolar induction (NS-NS and
possibly NS-BH mergers
• Charged compact binary
coalescence (cCBC) (NS-NS, NSBH, BH-BH mergers)
• Post-merger blitzar
• Pros:
• Inside out
• Some brief EM signal should
accompany these events
• Cons:
• Not repeating
• Event rate not high enough (only a
small fraction of FRBs at most)

FRBs in GRBs
•
•

•
•

Internal plateaus cannot be
interpreted within the framework of
the external shock models
The rapid drop at the end of
plateau may mark collapse of a
millisecond magnetar to a black
hole
So the end of plateau may be the
epoch when an FRB is emitted
Rapid radio follow-up (within 100
s) of GRBs may lead to discovery
of an associated FRB, may be
brighter than normal FRBs.
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Credit: Adam Deller

Charged Compact Binary Coalescence
(cCBC)
Zhang, 2016, ApJ, 827, L31;
Zhang, 2019, ApJ, 873, L9;
Dai, 2019, ApJ, 873, L13

• General picture:
•

•
•

As long as one of the member
in cCBC is charged, one can
have a brief EM signal rapidly
increases at the time of
coalescence
A macroscopic pulsar, bottom
up
Quite generic, applies to NSNS, NS-BH, BH-BH mergers

• FRB or not, something should
happen. Strength depends on
amount of charge

FRB

cCBC physics

High school E&M

city Ω, the rate of GW radiation energy is

2G 2 4 6
M L Ω ≃ 1.2 × 10−61 erg s−1 (M/g)2 (L/cm)4 (Ω/s−1 )6 .
5
45c
(12.33)
nomical rigid-body system with mass M and an orbital radius
ngular velocity can be estimated as
Zhang, 2019, ApJ, 873, L9
!
"
GM 1/2
,
(12.34)
Ω∼
L3

=

General theory of charged CBC signal

mass and
GW luminosityArbitrary
can be estimated
as charge for the two members:
!
"
c5 GM 5 c5 # rg $5
,
(12.35)
LGW ∼
∼
G c2 L
G L

GM/c2 = (1/2)rs (rs = 2GM/c2 is Schwarzschild radius).
gest GW radiation should come from the largest rg /L ∼ 1.
onds to compact objects such as black holes and neutron stars.
Gravitational wave radiation:
f the mass of the system, the maximum GW luminosity is

c5
LGW,max =
≃ 3.6 × 1059 erg s−1 .
(12.36)
G
cteristic frequency at the maximum GW luminosity can be deGM/c2 r ∼ 1,Electric
which gives
dipole radiation:
!
"−1
c3
M
Ω∼
.
(12.37)
≃ 2.0 × 105 Hz
GM
M⊙

” of GWs is measured by gravitational strain, which is the fracrtion in the length of detectors induced by the fluctuating graveleration, which is defined by

1975ApJ...196...51R

General theory of charged CBC signal
Zhang, 2019, ApJ, 873, L9
Spinning magnets are charged! Certainly NSs are charged. BHs
may be also charged.

Formation of charged BHs
(Nathanail, Most & Rezzolla, 2017, MNRAS)

A non-spinning NS
collapses to a
Schwarzschild BH

A spinning NS collapses
to a Kerr-Newman BH

Charge tends to stay constant after the collapse is complete

Nathanail, Most & Rezzolla (2017)

Plunging BH-NS mergers
Zhang, 2019, ApJ, 873, L9

Bartos et al. (2013)

FRB if the NS is Crab-like?

Search for coincident associations
(temporal and spatial) of FRBs with CBCs
of all kinds (especially plunging BH-NS
and BH-BH mergers) will constrain
amount of charges in NSs and BHs

With the possibility of BIG discovery

Do magnetars from NS-NS mergers
make the majority of FRBs?
Margalit, Berger & Metzger (2019)

Bannister et al. 2019

Ravi et al. 2019

Fulfill the prediction of Francois Foucart

MTOV controversy
• The HMNS/BH : SMNS: SNS
proportion:
• ~ 0.4 : 0.3 : 0.3
• Gao, Zhang & Lü (2016, PRD)
! TOV ∼ (2.3 − 2.4)M⊙
• M
• Good to interpret short GRB X-ray
plateau data

• (0.32-0.67) : (0.18-0.68) : (<0.03)
• Margalit & Metzger (2019, ApJL)
! TOV = 2.17M⊙
• M
• Assumes that the merger product of
GW170817/GRB 170817A is a
HMNS which collapses to a BH
shortly afterwards

Ben cannot be right on both counts
• NS-NS merger remnants
are sources of most FRBs
(Margalit et al. 2019)
• In order to have the
SGRB-like hosts out
number the LGRB-like
hosts, most NS-NS
mergers need to produce
stable neutron stars

• The merger product of
GW170817 is a black hole
(Margalit & Metzger 2017)
• The fraction of stable NS
remnants is <0.03
(Margalit & Metzger 2019).
Not enough to produce the
relative ratio between
FRBs with SGRB-like and
LGRB-like environments

Summary
• The FRB field is exciting, emerging field. A lot of fun!
• FRB mystery is being solved, mostly by observers, with
theoretical insights from the field of GRBs and pulsars.
• It will take a long time to constrain and eliminate the
large amount of models (both radiation models and
source models), even though some progress has been
made
• The leading young magnetar model has not fulfilled the
promise of giving correct predictions, even though most
of the community are still wishfully expecting the next
prediction becomes true.
• The possibility that a small fraction of FRBs are related
to CBCs is not impossible. It will be profound if it turns
out to be the case.

