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FRBs vs. GRBs
• Physical connection?? 
• Social/cultural connection 

between the two fields



FRBs vs. GRBs

GRBs FRBs

Step one: Are they 
astrophysical?

1967 – 1973 2007 – 2015 

Step two: Where are 
they (distance)?

1973 – 1997 – 2004  
(Afterglow counterpart, 
host galaxy)

2016 
(Persistent radio 
source, host galaxy)

Step three: What make 
them?

1998 – ??? 
(SN Ic, GW?)

??? 
(AGN? GRB? 
magnetar-powered 
nebula?)

Observationally driven 
Healthy dialog between observers and theorists



What may make them?  
(An incomplete list, no particular order)

• 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) 
• Instability within pulsar magnetosphere (Philippov’s talk) 

• 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) 
……

Repeating:

Catastrophic:



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

Nemiroff, 1994, Comments on Astrophysics, 17, 189

128 models



Multiple progenitor systems?

GRBs

Repeating/nearby Catastrophic/cosmological

SGRs

LGRBs SGRBs

Core collapse Compact star merger

FRBs
Repeating 
Cosmological!

Catastrophic? 
Cosmological?

repeater

Sub-classes??

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

Following discussion not limited to repeating models



Plan
• Model-independent (parameter-dependent) predictions  

• Afterglow 
• Prompt emission in other wavelengths 

• Model-specific predictions 
• Models without bright counterparts 
• Models with bright counterparts: SGR giant flare, GRB, SN, AGN, GW? 

• Data 
• FRB 150418 
• FRB 131104 
• The repeater FRB 121102 

• Latest ideas 
• Young magnetar? 
• Cosmic combs?



Model-independent	
(parameter-dependent)	

Predictions



Afterglow
• Any “explosion” would leave behind 

an afterglow through interaction 
between the ejecta and ambient 
medium 

• Relativistic ejecta have brighter 
afterglows. Both FRBs and GRBs are 
relativistic 

• However, isotropic emission energy 
differs by 12-13 orders of magnitudes!

342 Afterglow Physics

Numerically taking care of the various factors to affect the coefficients,
one has (Chevalier and Li, 2000; Granot and Sari, 2002; Yost et al., 2003)
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for fast cooling νa < νc < νm, where
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gX(p) = (p+ 1)3/5f(p)3/5, (8.118)

and ẑ and f(p) are defined in Eqs.(8.105) and (8.109).
The closure relations can be derived (Exercise 8.4), which are also col-

lected in Tables 8.1 and 8.2. The lightcurves in different spectral regimes
are presented in Fig.8.4 (Chevalier and Li, 2000).

It is worth emphasizing two features of the wind model. First, the wind
decay slopes are systematically steeper than those of the ISM model by 0.25.
Second, unlike the ISM model, the wind model has νc ∝ t1/2, which increases
with time. So one can initially have slow cooling and switch to fast cooling
at a later time. Such a feature, if observed, would be support to the wind
model.
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gVIII(2.3)
E−2/5

52 A6/5
∗,−1ϵ

−1
e,−1ϵ

1/5
B,−2t

−3/5
5 (8.113)

for slow cooling νa < νm < νc;

νa = (4.4× 109 Hz) ẑ
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The closure relations can be derived (Exercise 8.4), which are also col-

lected in Tables 8.1 and 8.2. The lightcurves in different spectral regimes
are presented in Fig.8.4 (Chevalier and Li, 2000).

It is worth emphasizing two features of the wind model. First, the wind
decay slopes are systematically steeper than those of the ISM model by 0.25.
Second, unlike the ISM model, the wind model has νc ∝ t1/2, which increases
with time. So one can initially have slow cooling and switch to fast cooling
at a later time. Such a feature, if observed, would be support to the wind
model.

Detectable only if FRBs have very low efficiency in 
radio, so that a much larger energy kinetic energy is 
released to drive a bright afterglow

GRB afterglow



FRB Afterglows 
(Yi, Gao & Zhang 2014, ApJL, 792, L21)

X-rays 
(XRT)

Optical 
(LSST)

Radio 
(EVLA)

Reverse vs. forward shock



• Very faint! 
• Observational strategy: 

– Rapid follow-up may not 
help much. 

– Wide field telescopes (X-
rays and optical) may help 

– Best shot: deep follow-up 
observations in radio. 
However, much fainter than 
the steady nebula observed 
from the repeater.

FRB Afterglows



Prompt emission in optical? 
(guess rather than prediction)

• No reliable prediction 
on optical emission 
(radio emission is 
coherent) 

• Keep searching 
• There might be a lot of 

fast optical bursts - 
may or may not related 
to FRBs.

64 GRB Phenomenology
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Figure 2.19 Examples of prompt optical emission that show three patterns
with respect to the γ-ray emission. Top left: GRB 990123 shows an off-
set of optical peak with respect to the gamma-ray emission peak (Akerlof
et al., 1999); top right: GRB 080319B (the “naked-eye” GRB) shows a clear
tracking behavior between optical and γ-rays (Racusin et al., 2008); lower
left: GRB 050820A shows the “hybrid” pattern (Vestrand et al., 2006). The
lower right panel shows that the optical emission of the naked eye GRB
has a distinct spectral component from the γ-rays (Racusin et al., 2008).

spectral extension of the γ/X-ray flux, suggesting a distinct spectral origin
of the optical emission (Racusin et al., 2008). The third pattern shows a
mix of both (offset and tracking) components, as evidenced in GRB 050820
(Vestrand et al., 2006) and GRB 110205A (Zheng et al., 2012). Multiple
emission sites have to be invoked to generate these components.

So far, no detection of GRB prompt emission has been made in the radio
band. This is partially due to the slow slewing speed of large radio tele-
scopes, and partially due to the lack of theoretical motivation: during the
prompt emission phase, radio flux is expected to be strongly suppressed
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Figure 2.19 Examples of prompt optical emission that show three patterns
with respect to the γ-ray emission. Top left: GRB 990123 shows an off-
set of optical peak with respect to the gamma-ray emission peak (Akerlof
et al., 1999); top right: GRB 080319B (the “naked-eye” GRB) shows a clear
tracking behavior between optical and γ-rays (Racusin et al., 2008); lower
left: GRB 050820A shows the “hybrid” pattern (Vestrand et al., 2006). The
lower right panel shows that the optical emission of the naked eye GRB
has a distinct spectral component from the γ-rays (Racusin et al., 2008).

spectral extension of the γ/X-ray flux, suggesting a distinct spectral origin
of the optical emission (Racusin et al., 2008). The third pattern shows a
mix of both (offset and tracking) components, as evidenced in GRB 050820
(Vestrand et al., 2006) and GRB 110205A (Zheng et al., 2012). Multiple
emission sites have to be invoked to generate these components.

So far, no detection of GRB prompt emission has been made in the radio
band. This is partially due to the slow slewing speed of large radio tele-
scopes, and partially due to the lack of theoretical motivation: during the
prompt emission phase, radio flux is expected to be strongly suppressed

GRB prompt optical emission



Model-specific	Predictions



Models likely without  
a bright counterpart

• Pulsar nano-shots  
• Pulsar magnetospheric instabilities 
• Blitzars with a long delay (e.g. thousands 

of years after formation of supramassive 
NS) 

• ……



Models likely with a counterpart

• FRB - SGR giant flare connection? 
• FRB - GRB connection? 
• FRB - SN connection? 
• FRB - GW connection?



FRB - Magnetar giant flare connection?

• Short-hard spike 
detectable as short 
GRBs out to ~ 70 
Mpc (non-detectable 
at z=0.193 unless 
flares are more 
energetic) 

• No dispersed radio 
emission for SGR 
1806-20  

Radio Non-Detection of Giant Flare from SGR1806�20 3

Fig. 1.— Plots and statistics of dedispersed single pulse events on the 64-m Parkes Telescope data gathered during the SGR1806�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 1374MHz. 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 1500MHz (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 PSRJ1557�4258.
Top Right : Scatter plot of SNR vs DM for each candidate detection.

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

Slim =
��Tsys

G
p
BNp⌧obs

,

where � = 1.5 is a loss factor (from the one-bit sam-
pling as well as other e↵ects), � = 6 is detection SNR
threshold, Tsys = 21K is the system temperature, G =
0.735K/Jy is the telescope gain for the central beam,
B = 288MHz is the telescope bandwidth, Np = 2 is the
number of polarizations and ⌧obs is the observing time.
Thus, for ⌧obs = 10ms, a reasonable estimate for a intrin-
sically narrow pulse scattered at an e-folding timescale of
14ms, we get a 6-� limit of 0.11 Jy. For 1-ms and 50-ms

Tendulkar et al. (2016)

Popov et al.; Kulkarni et al. Katz; …



FRB - GRB connection?

• Blitzar in GRB 
• Supra-massive NSs as GRB 

engine 
• Collapse 100-10000 s after 

the burst 
• ~ 30% short GRBs have 

magnetar collapsing signature 
~ 300 s after the bursts  

• NS - NS mergers 
• Pre-merger unipolar induction 

(Piro 2012; Wang et al. 2016) 
• Charged compact star 

mergers (Zhang 2016)

Zhang (2014); Murase et al. (2016); Dai et al. (2016)Blitzar: Magnetic hair ejection of 
neutron star implosion 

Falcke & Rezzolla (2013): happen thousands to millions of  years after the birth of  SMNSs  
Zhang (2014): a small fraction can happen minutes to days after the birth of  SMNSs 

FRB 
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FRB 

FRB 

FRB 

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. 

Zhang, 2014, ApJ, 780, L21�
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Rawlinson et al. 2010, 2013



Early search

Bannister, Murphy, Gaensler & Reynolds, 2012, ApJ, 757, 38

GRB 100704A GRB 101011A

GRB 101011A

GRB 100704A



Search for an FRB in a right GRB  
at a right time

• Non detections in several 
more GRBs 

• Non-detection is norm. To 
detect an FRB following a 
GRB, one needs to have 

– Right GRB (not a BH nor a 
stable magnetar) 

– At the right time (not before or 
after collapse) 

– With a bright enough flux (~Jy at 
z~0.5-1?) 

• Rapid slew, continuous 
monitoring highly desired 

• Especially 300 s after short 
GRBs!

Palaniswamy et al., 2014, ApJ, 790, 63 



FRB - GRB rates

 FRBs

GRB-FRBs



FRB - GRB rates

 FRBs

GRB-FRBs

1 out of 100-1000 FRBs may have a GRB

1 out of 10GRBs may be followed by an FRB



FRB - SN connection?

• WD - WD merger making a Type Ia SN - 
ruled out in large parameter space 

• Importance of real-time follow-up

Petroff et al. (2015)

Kashiyama et al. (2013)

10 Petro↵ et al.

Figure 3. The limits for optical in apparent magnitude (green), radio flux density in mJy (red), and X-ray flux in erg cm�2 s�1 (blue)
of our observations of the field of FRB 140514 from 8 telescopes that fully sampled the Parkes beam. Colors of data points refer to the
axis scale of the same color. Light curves from GRB140512A (z = 0.725), 1.4 GHz radio data and R�band optical data for supernova
SN1998bw (z ⇠0.008), R�band data for superluminous supernova SN2003ma (z = 0.289) and an R�band light curve for a typical
type-Ia SN (z = 0.5) have been included for reference (Evans et al. 2007; Rest et al. 2011; Kulkarni et al. 2014; Galama et al. 1998).
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FRB - GW connection?

• Post-merger synchronization of the 
magnetosphere (NS-NS mergers only) 

• Unipolar induction (NS-NS and possibly 
NS-BH mergers 

• Pre-merger magnetospheric activities of 
mergers with at least one charged member 
(NS-NS, NS-BH, BH-BH mergers) 

Totani; Zhang; Piro; Wang et al.; Liebling et al.; Liu et al.



Charged BH merger model 
(Zhang, ApJ, 827, L31)

High school AP Physics E&M

Maxwell Equations



FRB

GRB 
……

Can produce Fast radio bursts (FRBs) and short GRBs
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MERGERS OF CHARGED BLACK HOLES: GRAVITATIONAL WAVE EVENTS, SHORT GAMMA-RAY
BURSTS, AND FAST RADIO BURSTS

Bing Zhang
Department of Physics and Astronomy, University of Nevada Las Vegas, NV 89154, USA

ABSTRACT

The discoveries of GW 150914, GW 151226, and LVT 151012 suggest that double black hole (BH-BH)
mergers are common in the universe. If at least one of the two merging black holes carries certain
amount of charge, possibly retained by a rotating magnetosphere, the inspiral of a BH-BH system
would drive a global magnetic dipole normal to the orbital plane. The rapidly evolving magnetic
moment during the merging process would drive a Poynting flux with an increasing wind power. The
magnetospheric activities during the final phase of the merger would make a fast radio burst (FRB)
if the BH charge can be as large as a factor of q̂ ⇠ (10�9 � 10�8) of the critical charge Qc of the BH.
At large radii, dissipation of the Poynting flux energy in the outflow would power a short duration
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recorded by Fermi GBM may be interpreted with this model. Future joint GW/GRB/FRB searches
would lead to a measurement or place a constraint on the charges carried by isolate black holes.

1. INTRODUCTION

Black holes (BHs) are uniquely described with three
parameters, mass M , angular momentum J , and charge
Q. Whereas the first two parameters have been mea-
sured with various observations for both stellar-mass and
super-massive BHs, it has been widely believed that the
Q parameter must be very small. However, no measured
value or upper limit of Q have been reported for any BH.
Recently, the Laser Interferometer Gravitational-

wave Observatory (LIGO) team announced the ground-
breaking discovery of the first gravitational wave (GW)
source, GW 150914, which is a BH-BH merger with two
BH masses 36+5

�4

M� and 29+4

�4

M�, respectively (Abbott
et al. 2016a). Two other BH-BH merger events (GW
151226 and LVT 151012) were later announced (Abbott
et al. 2016b). The inferred event rate density of BH-
BH mergers is ⇠ (9 � 240) Gpc�3 yr�1 (Abbott et al.
2016c). Intriguingly, the Fermi GBM team reported a 1-
second long, putative weak gamma-ray burst (GRB) 0.4
seconds after the GW event was detected (Connaughton
et al. (2016), but see Greiner et al. (2016); Xiong (2016)).
This is surprising, since unlike NS-NS and NS-BH merg-
ers which can form BH-torus systems and produce short
GRBs through accretion (Paczýnski 1986; Eichler et al.
1989; Paczýnski 1991; Narayan et al. 1992; Mészáros &
Rees 1992; Rezzolla et al. 2011), BH-BH mergers are not
expected to have enough surrounding materials with a
high enough density to power a short-duration GRB via
accretion.
On the other hand, fast radio bursts (FRBs) are mys-

terious milliseconds-duration radio transients (Lorimer
et al. 2007; Thornton et al. 2013). Recent observations
suggest that at least some FRBs are likely at cosmolog-
ical distances (e.g. Keane et al. 2016). Their physical
origins, however, remain unknown.
Here we show that if at least one BH in the two merging

BHs carries a certain amount of charge, the inspiral of
the BH-BH system would induce a global magnetic dipole
normal to the orbital plane. The rapid evolution of the

magnetic moment would drive a Poynting flux with an
increasing wind power, which may give rise to an FRB
and even a short-duration GRB depending on the value
of the charge.

2. ELECTRODYNAMICS OF CHARGED BLACK HOLE
MERGER SYSTEM

For a charged black hole, one can define the
Schwarzschild radius and the Reissner-Nordström (RN)
radius

rs =
2GM

c2
, rQ =

p
GQ

c2
, (1)

where M , Q are the mass and charge of the black hole,
respectively, G and c are the gravitational constant and
speed of light, respectively, and the electrostatic cgs units
have been used. By equating rs and rQ, one may define
a characteristic charge

Qc ⌘ 2
p
GM = (1.0⇥ 1031 e.s.u.)

✓
M

10M�

◆
, (2)

which is (3.3⇥ 1021 C) (M/10M�) in the S.I. units. The
charge of this magnitude would significantly modify the
space-time geometry with a magnitude similar to M . We
consider a BH with charge

Q = q̂Qc, (3)

with the dimensionless parameter q̂ ⌧ 1. For simplicity,
in the following we consider two identical BHs with the
same M and Q.
As the two BHs spiral in1, a circular current loop

forms, which gives a time-dependent magnetic dipole mo-
ment

µ=
⇡I(a/2)2

c
=

p
2GMaQ

4c
=

p
2G3/2M2

c2
q̂â1/2

=(1.1⇥ 1033 G cm3)

✓
M

10M�

◆
2

q̂�4

â1/2, (4)

1 For an order-of-magnitude treatment, we apply classical me-
chanics and electrodynamics without general relativity correction.
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where I = 2Q/P is the current, and

P =
2⇡p
2GM

a3/2 = 8
p
2⇡

GM

c3
â3/2

=(1.7 ms)

✓
M

10M�

◆
â3/2 (5)

is the Keplerian orbital period, a = â(2rs) is the sepa-
ration between the two BHs, and â is the distance nor-
malized to 2rs. Notice that at the coalescence of the
two BHs, â = 1 for two Schwarzschild BHs, but â can
be as small as 0.5 for extreme Kerr BHs. For compari-
son, a magnetar with a surface magnetic field Bp ⇠ 1015

G and radius R
NS

⇠ 106 cm has a magnetic dipole
µ
mag

⇠ BpR3

NS

= (1033 G cm3)Bp,15R3

NS,6.
The orbital decay rate due to gravitational wave

radiation can be generally written as da/dt =
�(64/5)G3MM2

tot

/[c5a3(1 � e2)7/2](1 + (73/24)e2 +
(37/96)e4, where M = M

1

M
2

/M
tot

is the chirp mass,
and M

tot

= M
1

+ M
2

is the total mass of the system.
Assuming M

1

= M
2

for simplicity and adopting e = 0
which is valid before the coalescence, one gets

da

dt
= �2

5

c

â3
. (6)

The rapid evolution of the orbital separation before the
coalescence leads to a rapid change of the magnetic flux,
and hence, a Poynting flux with increasing power. A
full description of the electrodynamics of the system re-
quires numerically solving Einstein equations with elec-
trodynamics. To an order of magnitude analysis, one
may estimate the Poynting flux wind luminosity using a
magnetic dipole radiation formula in vacuum, i.e.

Lw ' 2µ̈2

3c3
' 49

120000

c5

G
q̂2â�15

' (1.5⇥ 1048 erg s�1)q̂2�4

â�15, (7)

where µ̈ is the second derivative of the magnetic dipole
moment µ. Notice that this wind power is determined

by fundamental constants and the dimensionless param-

eters q̂ and â only. Noticing that the gravitational wave
radiation power can be estimated as

L
GW

' c5

G

✓
GM

c2a

◆
5

=
1

1024

c5

G
â�5,

' (3.6⇥ 1056 erg s�1)â�5, (8)

one can also write

Lw ⇠ 0.4q̂2L
GW

â�10. (9)

One may show that particles can be accelerated to a
relativistic speed from the global magnetosphere. The
rapid evolution of the orbital separation before the coa-
lescence leads to a rapid change of the magnetic flux,
and hence, induce a huge electromotive force (EMF).
At a relatively large distance r from the merging sys-
tem (r � a), one may approximate the instantaneous
magnetic field configuration as Br = (µ/r3)(2 cos ✓) and
B✓ = (µ/r3) sin ✓ with the dipole moment µ expressed in
Eq.(4). The magnetic flux through the upper hemisphere

with radius r is � =
R ⇡/2
0

2⇡r2 sin ✓(µ/r3)(2 cos ✓)d✓ =

2⇡µ/r. Faraday’s law of magnetic induction then gives
an induced EMF

E =�1

c

d�

dt
= �2⇡

cr

dµ

dt
=

p
2⇡

10

G1/2M

r
q̂â�7/2 (10)

Similar to the case of a rotation-powered pulsar, such
an EMF across di↵erent field lines would lead to particle
acceleration and a photon-pair cascade (e.g. Ruderman
& Sutherland 1975; Arons & Scharlemann 1979; Mus-
limov & Tsygan 1992; Harding & Muslimov 1998; Zhang
& Harding 2000). The physical processes involved are
complicated and deserve further studies. For an order-
of-magnitude analysis, one may estimate the Poynting-
flux wind power Lw ⇠ E2/R, where R is the resistance
of the magnetosphere, which may be taken as c�1 for a
conductive magnetosphere. This gives

Lw ⇠E2c =
⇡2

50

GM2

r2
cq̂2â�7 ' ⇡2

200

c5

G
q̂2r̂�2â�7, (11)

where r̂ = r/2rs is the normalized wind-launching radius.
Notice that Eq.(11) has the same scaling / (c5/G)q̂2 as
Eq.(7), even though the dependence on â may be di↵er-
ent (pending on how r̂ depends on â). In the following,
for simplicity, we apply the vacuum formula Eq.(7) to
perform related estimates.
The wind power is very sensitive to â, and increases

rapidly as the orbital separation shrinks. The highest
power happens right before the final merger, so that such
a merger system is a plausible engine for a fast radio burst

and possibly a short-duration �-ray burst

2.
One may estimate the time scale for the orbital sepa-

ration to shrink from â = 1.5 to â = 1, during which Lw
increases by a factor of ⇠ 440. This is

⌧
1.5 . P

|Ṗ |
=

20

3

GM

c3
â4 ' (1.7 ms)

✓
M

10M�

◆✓
â

1.5

◆
4

,

(12)

where Ṗ ' �(192⇡/5c5)(2⇡G/P )5/3M2M�1/3
tot

=
(6
p
2⇡/5)â�5/2 is the orbital decay rate for GW radi-

ation (Taylor & Weisberg 1989).
It would be informative to compare the Poynting flux

power proposed in this paper (Eq.(7)) with some other
Poynting flux powers proposed in the literature. Two
relevant ones are the general-relativity-induced Poynting
flux power when a BH moves in a constant magnetic
field B

0

(Lyutikov 2011a)3 and a Poynting flux power
due to the interaction between the magnetospheres of
two BHs (Lyutikov 2011b)4. Expressing Eqs.(1) and (4)
in Lyutikov (2011b) in terms of q̂ using Eq.(13) below,
we find that these two powers are both of the order of ⇠
(R

lc,⇤/a)2â15Lw, where Rlc,⇤ = c/⌦⇤ is the light cylinder
radius of the BHs. Noticing the strong dependence on
â. These powers are negligibly small compared with Lw
when â becomes smaller than unity.

2 After the submission of this paper, Liu et al. (2016) proposed
an alternative mechanism to produce FRBs from BH-BH merger
systems through triggering an instability in the Kerr-Newman BH
magnetospheres.

3 In a dynamically evolving system, the assumption of constant
B0 is no longer valid, so that more detailed modeling is needed to
perform a more accurate comparison between this power and Lw.

4 This power does not exist if only one BH carries a magneto-
sphere.
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The discoveries of GW 150914, GW 151226, and LVT 151012 suggest that double black hole (BH-BH)
mergers are common in the universe. If at least one of the two merging black holes carries certain
amount of charge, possibly retained by a rotating magnetosphere, the inspiral of a BH-BH system
would drive a global magnetic dipole normal to the orbital plane. The rapidly evolving magnetic
moment during the merging process would drive a Poynting flux with an increasing wind power. The
magnetospheric activities during the final phase of the merger would make a fast radio burst (FRB)
if the BH charge can be as large as a factor of q̂ ⇠ (10�9 � 10�8) of the critical charge Qc of the BH.
At large radii, dissipation of the Poynting flux energy in the outflow would power a short duration
high-energy transient, which would appear as a detectable short-duration gamma-ray burst (GRB) if
the charge can be as large as q̂ ⇠ (10�5�10�4). The putative short GRB coincident with GW 150914
recorded by Fermi GBM may be interpreted with this model. Future joint GW/GRB/FRB searches
would lead to a measurement or place a constraint on the charges carried by isolate black holes.

1. INTRODUCTION

Black holes (BHs) are uniquely described with three
parameters, mass M , angular momentum J , and charge
Q. Whereas the first two parameters have been mea-
sured with various observations for both stellar-mass and
super-massive BHs, it has been widely believed that the
Q parameter must be very small. However, no measured
value or upper limit of Q have been reported for any BH.
Recently, the Laser Interferometer Gravitational-

wave Observatory (LIGO) team announced the ground-
breaking discovery of the first gravitational wave (GW)
source, GW 150914, which is a BH-BH merger with two
BH masses 36+5

�4

M� and 29+4

�4

M�, respectively (Abbott
et al. 2016a). Two other BH-BH merger events (GW
151226 and LVT 151012) were later announced (Abbott
et al. 2016b). The inferred event rate density of BH-
BH mergers is ⇠ (9 � 240) Gpc�3 yr�1 (Abbott et al.
2016c). Intriguingly, the Fermi GBM team reported a 1-
second long, putative weak gamma-ray burst (GRB) 0.4
seconds after the GW event was detected (Connaughton
et al. (2016), but see Greiner et al. (2016); Xiong (2016)).
This is surprising, since unlike NS-NS and NS-BH merg-
ers which can form BH-torus systems and produce short
GRBs through accretion (Paczýnski 1986; Eichler et al.
1989; Paczýnski 1991; Narayan et al. 1992; Mészáros &
Rees 1992; Rezzolla et al. 2011), BH-BH mergers are not
expected to have enough surrounding materials with a
high enough density to power a short-duration GRB via
accretion.
On the other hand, fast radio bursts (FRBs) are mys-

terious milliseconds-duration radio transients (Lorimer
et al. 2007; Thornton et al. 2013). Recent observations
suggest that at least some FRBs are likely at cosmolog-
ical distances (e.g. Keane et al. 2016). Their physical
origins, however, remain unknown.
Here we show that if at least one BH in the two merging

BHs carries a certain amount of charge, the inspiral of
the BH-BH system would induce a global magnetic dipole
normal to the orbital plane. The rapid evolution of the

magnetic moment would drive a Poynting flux with an
increasing wind power, which may give rise to an FRB
and even a short-duration GRB depending on the value
of the charge.

2. ELECTRODYNAMICS OF CHARGED BLACK HOLE
MERGER SYSTEM

For a charged black hole, one can define the
Schwarzschild radius and the Reissner-Nordström (RN)
radius

rs =
2GM

c2
, rQ =

p
GQ

c2
, (1)

where M , Q are the mass and charge of the black hole,
respectively, G and c are the gravitational constant and
speed of light, respectively, and the electrostatic cgs units
have been used. By equating rs and rQ, one may define
a characteristic charge

Qc ⌘ 2
p
GM = (1.0⇥ 1031 e.s.u.)

✓
M

10M�

◆
, (2)

which is (3.3⇥ 1021 C) (M/10M�) in the S.I. units. The
charge of this magnitude would significantly modify the
space-time geometry with a magnitude similar to M . We
consider a BH with charge

Q = q̂Qc, (3)

with the dimensionless parameter q̂ ⌧ 1. For simplicity,
in the following we consider two identical BHs with the
same M and Q.
As the two BHs spiral in1, a circular current loop

forms, which gives a time-dependent magnetic dipole mo-
ment

µ=
⇡I(a/2)2

c
=

p
2GMaQ

4c
=

p
2G3/2M2

c2
q̂â1/2

=(1.1⇥ 1033 G cm3)

✓
M

10M�

◆
2

q̂�4

â1/2, (4)

1 For an order-of-magnitude treatment, we apply classical me-
chanics and electrodynamics without general relativity correction.
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recorded by Fermi GBM may be interpreted with this model. Future joint GW/GRB/FRB searches
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1. INTRODUCTION

Black holes (BHs) are uniquely described with three
parameters, mass M , angular momentum J , and charge
Q. Whereas the first two parameters have been mea-
sured with various observations for both stellar-mass and
super-massive BHs, it has been widely believed that the
Q parameter must be very small. However, no measured
value or upper limit of Q have been reported for any BH.
Recently, the Laser Interferometer Gravitational-

wave Observatory (LIGO) team announced the ground-
breaking discovery of the first gravitational wave (GW)
source, GW 150914, which is a BH-BH merger with two
BH masses 36+5

�4

M� and 29+4

�4

M�, respectively (Abbott
et al. 2016a). Two other BH-BH merger events (GW
151226 and LVT 151012) were later announced (Abbott
et al. 2016b). The inferred event rate density of BH-
BH mergers is ⇠ (9 � 240) Gpc�3 yr�1 (Abbott et al.
2016c). Intriguingly, the Fermi GBM team reported a 1-
second long, putative weak gamma-ray burst (GRB) 0.4
seconds after the GW event was detected (Connaughton
et al. (2016), but see Greiner et al. (2016); Xiong (2016)).
This is surprising, since unlike NS-NS and NS-BH merg-
ers which can form BH-torus systems and produce short
GRBs through accretion (Paczýnski 1986; Eichler et al.
1989; Paczýnski 1991; Narayan et al. 1992; Mészáros &
Rees 1992; Rezzolla et al. 2011), BH-BH mergers are not
expected to have enough surrounding materials with a
high enough density to power a short-duration GRB via
accretion.
On the other hand, fast radio bursts (FRBs) are mys-

terious milliseconds-duration radio transients (Lorimer
et al. 2007; Thornton et al. 2013). Recent observations
suggest that at least some FRBs are likely at cosmolog-
ical distances (e.g. Keane et al. 2016). Their physical
origins, however, remain unknown.
Here we show that if at least one BH in the two merging

BHs carries a certain amount of charge, the inspiral of
the BH-BH system would induce a global magnetic dipole
normal to the orbital plane. The rapid evolution of the

magnetic moment would drive a Poynting flux with an
increasing wind power, which may give rise to an FRB
and even a short-duration GRB depending on the value
of the charge.

2. ELECTRODYNAMICS OF CHARGED BLACK HOLE
MERGER SYSTEM

For a charged black hole, one can define the
Schwarzschild radius and the Reissner-Nordström (RN)
radius

rs =
2GM

c2
, rQ =

p
GQ

c2
, (1)

where M , Q are the mass and charge of the black hole,
respectively, G and c are the gravitational constant and
speed of light, respectively, and the electrostatic cgs units
have been used. By equating rs and rQ, one may define
a characteristic charge

Qc ⌘ 2
p
GM = (1.0⇥ 1031 e.s.u.)

✓
M

10M�

◆
, (2)

which is (3.3⇥ 1021 C) (M/10M�) in the S.I. units. The
charge of this magnitude would significantly modify the
space-time geometry with a magnitude similar to M . We
consider a BH with charge

Q = q̂Qc, (3)

with the dimensionless parameter q̂ ⌧ 1. For simplicity,
in the following we consider two identical BHs with the
same M and Q.
As the two BHs spiral in1, a circular current loop

forms, which gives a time-dependent magnetic dipole mo-
ment

µ=
⇡I(a/2)2

c
=

p
2GMaQ
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=

p
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q̂â1/2

=(1.1⇥ 1033 G cm3)

✓
M

10M�

◆
2

q̂�4
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1 For an order-of-magnitude treatment, we apply classical me-
chanics and electrodynamics without general relativity correction.
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where I = 2Q/P is the current, and

P =
2⇡p
2GM

a3/2 = 8
p
2⇡

GM

c3
â3/2

=(1.7 ms)

✓
M

10M�

◆
â3/2 (5)

is the Keplerian orbital period, a = â(2rs) is the sepa-
ration between the two BHs, and â is the distance nor-
malized to 2rs. Notice that at the coalescence of the
two BHs, â = 1 for two Schwarzschild BHs, but â can
be as small as 0.5 for extreme Kerr BHs. For compari-
son, a magnetar with a surface magnetic field Bp ⇠ 1015

G and radius R
NS

⇠ 106 cm has a magnetic dipole
µ
mag

⇠ BpR3

NS

= (1033 G cm3)Bp,15R3

NS,6.
The orbital decay rate due to gravitational wave

radiation can be generally written as da/dt =
�(64/5)G3MM2

tot

/[c5a3(1 � e2)7/2](1 + (73/24)e2 +
(37/96)e4, where M = M

1

M
2

/M
tot

is the chirp mass,
and M

tot

= M
1

+ M
2

is the total mass of the system.
Assuming M

1

= M
2

for simplicity and adopting e = 0
which is valid before the coalescence, one gets

da

dt
= �2

5

c

â3
. (6)

The rapid evolution of the orbital separation before the
coalescence leads to a rapid change of the magnetic flux,
and hence, a Poynting flux with increasing power. A
full description of the electrodynamics of the system re-
quires numerically solving Einstein equations with elec-
trodynamics. To an order of magnitude analysis, one
may estimate the Poynting flux wind luminosity using a
magnetic dipole radiation formula in vacuum, i.e.

Lw ' 2µ̈2

3c3
' 49

120000

c5

G
q̂2â�15

' (1.5⇥ 1048 erg s�1)q̂2�4

â�15, (7)

where µ̈ is the second derivative of the magnetic dipole
moment µ. Notice that this wind power is determined

by fundamental constants and the dimensionless param-

eters q̂ and â only. Noticing that the gravitational wave
radiation power can be estimated as

L
GW
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=
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1024
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G
â�5,

' (3.6⇥ 1056 erg s�1)â�5, (8)

one can also write

Lw ⇠ 0.4q̂2L
GW

â�10. (9)

One may show that particles can be accelerated to a
relativistic speed from the global magnetosphere. The
rapid evolution of the orbital separation before the coa-
lescence leads to a rapid change of the magnetic flux,
and hence, induce a huge electromotive force (EMF).
At a relatively large distance r from the merging sys-
tem (r � a), one may approximate the instantaneous
magnetic field configuration as Br = (µ/r3)(2 cos ✓) and
B✓ = (µ/r3) sin ✓ with the dipole moment µ expressed in
Eq.(4). The magnetic flux through the upper hemisphere

with radius r is � =
R ⇡/2
0

2⇡r2 sin ✓(µ/r3)(2 cos ✓)d✓ =

2⇡µ/r. Faraday’s law of magnetic induction then gives
an induced EMF

E =�1
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d�

dt
= �2⇡
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dµ

dt
=

p
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G1/2M

r
q̂â�7/2 (10)

Similar to the case of a rotation-powered pulsar, such
an EMF across di↵erent field lines would lead to particle
acceleration and a photon-pair cascade (e.g. Ruderman
& Sutherland 1975; Arons & Scharlemann 1979; Mus-
limov & Tsygan 1992; Harding & Muslimov 1998; Zhang
& Harding 2000). The physical processes involved are
complicated and deserve further studies. For an order-
of-magnitude analysis, one may estimate the Poynting-
flux wind power Lw ⇠ E2/R, where R is the resistance
of the magnetosphere, which may be taken as c�1 for a
conductive magnetosphere. This gives

Lw ⇠E2c =
⇡2

50

GM2

r2
cq̂2â�7 ' ⇡2

200

c5

G
q̂2r̂�2â�7, (11)

where r̂ = r/2rs is the normalized wind-launching radius.
Notice that Eq.(11) has the same scaling / (c5/G)q̂2 as
Eq.(7), even though the dependence on â may be di↵er-
ent (pending on how r̂ depends on â). In the following,
for simplicity, we apply the vacuum formula Eq.(7) to
perform related estimates.
The wind power is very sensitive to â, and increases

rapidly as the orbital separation shrinks. The highest
power happens right before the final merger, so that such
a merger system is a plausible engine for a fast radio burst

and possibly a short-duration �-ray burst

2.
One may estimate the time scale for the orbital sepa-

ration to shrink from â = 1.5 to â = 1, during which Lw
increases by a factor of ⇠ 440. This is
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(12)

where Ṗ ' �(192⇡/5c5)(2⇡G/P )5/3M2M�1/3
tot

=
(6
p
2⇡/5)â�5/2 is the orbital decay rate for GW radi-

ation (Taylor & Weisberg 1989).
It would be informative to compare the Poynting flux

power proposed in this paper (Eq.(7)) with some other
Poynting flux powers proposed in the literature. Two
relevant ones are the general-relativity-induced Poynting
flux power when a BH moves in a constant magnetic
field B

0

(Lyutikov 2011a)3 and a Poynting flux power
due to the interaction between the magnetospheres of
two BHs (Lyutikov 2011b)4. Expressing Eqs.(1) and (4)
in Lyutikov (2011b) in terms of q̂ using Eq.(13) below,
we find that these two powers are both of the order of ⇠
(R

lc,⇤/a)2â15Lw, where Rlc,⇤ = c/⌦⇤ is the light cylinder
radius of the BHs. Noticing the strong dependence on
â. These powers are negligibly small compared with Lw
when â becomes smaller than unity.

2 After the submission of this paper, Liu et al. (2016) proposed
an alternative mechanism to produce FRBs from BH-BH merger
systems through triggering an instability in the Kerr-Newman BH
magnetospheres.

3 In a dynamically evolving system, the assumption of constant
B0 is no longer valid, so that more detailed modeling is needed to
perform a more accurate comparison between this power and Lw.

4 This power does not exist if only one BH carries a magneto-
sphere.
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is the Keplerian orbital period, =a a r2 sˆ ( ) is the separation
between the two BHs, and â is the distance normalized to r2 s.
Notice that at the coalescence of the two BHs, =a 1ˆ for two
Schwarzschild BHs, but â can be as small as 0.5 for extreme
Kerr BHs. For comparison, a magnetar with a surface magnetic
field Bp∼1015 G and radius RNS∼106 cm has a magnetic
dipole m ~ =B R B R10 G cmp pmag NS
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The rapid evolution of the orbital separation before the
coalescence leads to a rapid change of the magnetic flux, and
hence a Poynting flux with increasing power. A full description
of the electrodynamics of the system requires numerically
solving Einstein equations with electrodynamics. To an order
of magnitude analysis, one may estimate the Poynting flux
wind luminosity using a magnetic dipole radiation formula in
vacuum, i.e.,
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where m̈ is the second derivative of the magnetic dipole
moment μ. Notice that this wind power is determined by
fundamental constants and the dimensionless parametersq̂
and â only. Noticing that the GW radiation power can be
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One may show that particles can be accelerated to a relativistic
speed from the global magnetosphere. The rapid evolution of the
orbital separation before the coalescence leads to a rapid change of
the magnetic flux, and hence induces a huge electromotive force
(EMF). At a relatively large distance r from the merging system
(r?a), one may approximate the instantaneous magnetic field
configuration as m q=B r 2 cosr

3( )( ) and m q=qB r sin3( )
with the dipole moment μ expressed in Equation (4). The
magnetic flux through the upper hemisphere with radius r is F =
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Similar to the case of a rotation-powered pulsar, such an
EMF across different field lines would lead to particle
acceleration and a photon-pair cascade (e.g., Ruderman &
Sutherland 1975; Arons & Scharlemann 1979; Muslimov
& Tsygan 1992; Harding & Muslimov 1998; Zhang &
Harding 2000). The physical processes involved are compli-
cated and deserve further studies. For an order-of-magnitude
analysis, one may estimate the Poynting-flux wind power

� *~Lw
2 , where * is the resistance of the magnetosphere,

which may be taken as c−1 for a conductive magnetosphere.
This gives
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where =r r r2 sˆ is the normalized wind-launching radius.
Notice that Equation (11) has the same scaling µ c G q5 2( ) ˆ as
Equation (7), even though the dependence on â may be
different (pending on how r̂ depends on â). In the following,
for simplicity, we apply the vacuum formula Equation (7) to
perform related estimates.
The wind power is very sensitive to â and increases rapidly

as the orbital separation shrinks. The highest power happens
right before the final merger so that such a merger system is a
plausible engine for an FRB and possibly a short-duration γ-ray
burst.2

One may estimate the timescale for the orbital separation to
shrink from =a 1.5ˆ to =a 1ˆ , during which Lw increases by a
factor of ∼440. This is
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where Ṗ ; −(192π/5c5)(2πG/P)5/3M2 -Mtot
1 3 p= 6 2 5( )

-a 5 2ˆ is the orbital decay rate for GW radiation (Taylor &
Weisberg 1989).
It would be informative to compare the Poynting flux power

proposed in this Letter (Equation (7)) with some other Poynting
flux powers proposed in the literature. Two relevant ones are
the general-relativity-induced Poynting flux power when a BH
moves in a constant magnetic field B0 (Lyutikov 2011a)3 and a
Poynting flux power due to the interaction between the
magnetospheres of two BHs (Lyutikov 2011b).4 Expressing
Equations(1) and(4) in Lyutikov (2011b) in terms of q̂ using
Equation (13) below, we find that these two powers are both of
the order of ~ *R a a Lwlc,

2 15( ) ˆ , where *= W*R clc, is the light
cylinder radius of the BHs. Notice the strong dependence on â.
These powers are negligibly small compared with Lw when â
becomes smaller than unity.

2 After the submission of this Letter, Liu et al. (2016) proposed an alternative
mechanism to produce FRBs from BH–BH merger systems through triggering
an instability in the Kerr–Newman BH magnetospheres.
3 In a dynamically evolving system, the assumption of constant B0 is no
longer valid so that more detailed modeling is needed to perform a more
accurate comparison between this power and Lw.
4 This power does not exist if only one BH carries a magnetosphere.
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ABSTRACT

The discoveries of GW150914, GW151226, and LVT151012 suggest that double black hole (BH–BH) mergers are
common in the universe. If at least one of the two merging black holes (BHs) carries a certain amount of charge,
possibly retained by a rotating magnetosphere, the inspiral of a BH–BH system would drive a global magnetic
dipole normal to the orbital plane. The rapidly evolving magnetic moment during the merging process would drive
a Poynting flux with an increasing wind power. The magnetospheric activities during the final phase of the merger
would make a fast radio burst (FRB) if the BH charge can be as large as a factor of ~ - -q 10 109 8ˆ ( – ) of the critical
charge Qc of the BH. At large radii, dissipation of the Poynting flux energy in the outflow would power a short-
duration high-energy transient, which would appear as a detectable short-duration gamma-ray burst (GRB) if the
charge can be as large as ~ - -q 10 105 4ˆ ( – ). The putative short GRB coincident with GW150914 recorded by Fermi
GBM may be interpreted with this model. Future joint GW/GRB/FRB searches would lead to a measurement or
place a constraint on the charges carried by isolate BHs.
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1. INTRODUCTION

Black holes (BHs) are uniquely described with three
parameters, mass M, angular momentum J, and charge Q.
Whereas the first two parameters have been measured with
various observations for both stellar-mass and super-massive
BHs, it has been widely believed that the Q parameter must be
very small. However, no measured value or upper limit of Q
have been reported for any BH.

Recently, the Laser Interferometer Gravitational-wave
Observatory team announced the ground-breaking discovery
of the first gravitational-wave (GW) source, GW150914, which
is a double black hole (BH–BH) merger with two BH masses

-
+

:M36 4
5 and -

+
:M29 4

4 , respectively (Abbott et al. 2016a). Two
other BH–BH merger events (GW151226 and LVT151012)
were later announced (Abbott et al. 2016b). The inferred event
rate density of BH–BH mergers is ∼(9–240)Gpc−3 yr−1

(Abbott et al. 2016c). Intriguingly, the Fermi GBM team
reported a 1 s long, putative, weak gamma-ray burst (GRB)
0.4 s after the GW event was detected (Connaughton et al.
2016; but see Greiner et al. 2016; Xiong 2016). This is
surprising, since unlike NS–NS and NS–BH mergers that can
form BH–torus systems and produce short GRBs through
accretion (Paczýnski 1986; Eichler et al. 1989; Paczýnski 1991;
Mészáros & Rees 1992; Narayan et al. 1992; Rezzolla
et al. 2011), BH–BH mergers are not expected to have enough
surrounding materials with a high enough density to power a
short-duration GRB via accretion.

On the other hand, fast radio bursts (FRBs) are mysterious
milliseconds-duration radio transients (Lorimer et al. 2007;
Thornton et al. 2013). Recent observations suggest that at least
some FRBs are likely at cosmological distances (e.g., Keane
et al. 2016). Their physical origins, however, remain unknown.

Here, we show that if at least one BH in the two merging
BHs carries a certain amount of charge, the inspiral of the BH–
BH system would induce a global magnetic dipole normal to
the orbital plane. The rapid evolution of the magnetic moment
would drive a Poynting flux with an increasing wind power,

which may give rise to an FRB and even a short-duration GRB
depending on the value of the charge.

2. ELECTRODYNAMICS OF CHARGED
BH MERGER SYSTEM

For a charged BH, one can define the Schwarzschild radius
and the Reissner–Nordström radius

= =r
GM
c

r
G Q
c

2
, , 1s Q2 2

( )

whereM and Q are the mass and charge of the BH, respectively;
G and c are the gravitational constant and speed of light,
respectively; and the electrostatic cgs units have been used. By
equating rs and rQ, one may define a characteristic charge
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which is (3.3×1021 C)(M/10Me) in S.I. units. The charge of
this magnitude would significantly modify the spacetime
geometry with a magnitude similar to M. We consider a BH
with charge

=Q qQ , 3cˆ ( )
with the dimensionless parameter �q 1ˆ . For simplicity, in the
following, we consider two identical BHs with the sameM and Q.
As the two BHs spiral in,1 a circular current loop forms,

which gives a time-dependent magnetic dipole moment
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1. INTRODUCTION

Black holes (BHs) are uniquely described with three
parameters, mass M, angular momentum J, and charge Q.
Whereas the first two parameters have been measured with
various observations for both stellar-mass and super-massive
BHs, it has been widely believed that the Q parameter must be
very small. However, no measured value or upper limit of Q
have been reported for any BH.

Recently, the Laser Interferometer Gravitational-wave
Observatory team announced the ground-breaking discovery
of the first gravitational-wave (GW) source, GW150914, which
is a double black hole (BH–BH) merger with two BH masses
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other BH–BH merger events (GW151226 and LVT151012)
were later announced (Abbott et al. 2016b). The inferred event
rate density of BH–BH mergers is ∼(9–240)Gpc−3 yr−1

(Abbott et al. 2016c). Intriguingly, the Fermi GBM team
reported a 1 s long, putative, weak gamma-ray burst (GRB)
0.4 s after the GW event was detected (Connaughton et al.
2016; but see Greiner et al. 2016; Xiong 2016). This is
surprising, since unlike NS–NS and NS–BH mergers that can
form BH–torus systems and produce short GRBs through
accretion (Paczýnski 1986; Eichler et al. 1989; Paczýnski 1991;
Mészáros & Rees 1992; Narayan et al. 1992; Rezzolla
et al. 2011), BH–BH mergers are not expected to have enough
surrounding materials with a high enough density to power a
short-duration GRB via accretion.

On the other hand, fast radio bursts (FRBs) are mysterious
milliseconds-duration radio transients (Lorimer et al. 2007;
Thornton et al. 2013). Recent observations suggest that at least
some FRBs are likely at cosmological distances (e.g., Keane
et al. 2016). Their physical origins, however, remain unknown.

Here, we show that if at least one BH in the two merging
BHs carries a certain amount of charge, the inspiral of the BH–
BH system would induce a global magnetic dipole normal to
the orbital plane. The rapid evolution of the magnetic moment
would drive a Poynting flux with an increasing wind power,

which may give rise to an FRB and even a short-duration GRB
depending on the value of the charge.
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this magnitude would significantly modify the spacetime
geometry with a magnitude similar to M. We consider a BH
with charge

=Q qQ , 3cˆ ( )
with the dimensionless parameter �q 1ˆ . For simplicity, in the
following, we consider two identical BHs with the sameM and Q.
As the two BHs spiral in,1 a circular current loop forms,

which gives a time-dependent magnetic dipole moment
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Charged BH merger model 
(Zhang, ApJ, 827, L31)

See also GR simulations by Liebling & Palenzuela (2016) 



Merger & FRB rate

• BH-BH merger event rate density 
(Abbott et al. 2016) 

• FRB event rate density 

• Adding NS-NS, NS-BH mergers, may 
account for a good fraction of FRBs
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• The rising time scale of the GRB is defined by

tr ⇠ max(⌧
1.5, t2 � t

1

)(1 + z). (20)

• The decay time scale of the GRB is defined by

td ⇠ t
2

(1 + z). (21)

• The total duration of the GRB is

⌧ = tr + td. (22)

5. GW 150914 AND THE POSSIBLE ASSOCIATED GRB

Connaughton et al. (2016) reported a weak, hard X-
ray transient that was potentially associated with GW
150914. The false alarm probability is 0.0022, and the
poorly-constrained localization is consistent with that of
GW 150914. The putative GRB has a duration ⌧ ⇠ 1
s, and was delayed with respect to the GW signal by
�t

GRB

⇠ 0.4 s. Assuming the redshift of GW 150914
(Abbott et al. 2016a), z = 0.09+0.03

�0.04, the 1 keV - 10 MeV

luminosity of the putative GRB is 1.8+1.5
�1.0⇥1049 erg s�1.

The properties of this putative short GRB may be in-
terpreted by our model. According to Eq.(7), one can
estimate the required charge of the BHs as

q̂�4

' 3.5â15/2⌘�1/2
� ' 0.02

✓
â

0.5

◆
15/2

⌘�1/2
� , (23)

where ⌘� = L�/Lw is the radiative e�ciency of the GRB,
which ranges in (0.1-1) for known GRBs (Zhang et al.
2007). According to Eq.(14), the required µ⇤⌦⇤ value is
of the order of that of a millisecond magnetar if q̂ ⇠ 10�5,
achievable for a rapidly spinning BH. So the putative
GBM signal associated with GW 150914 could be inter-
preted with this model. There are suggestions that the
GBM signal may not be real (e.g. Greiner et al. 2016;
Xiong 2016). If so, one may place an upper limit on q̂
of the order of 10�5. The non-detection of �-ray signals
from LVT 151012 and GW 151226 (Racusin et al. 2011;
Smartt et al. 2016) could pose an upper limit on q̂ to the
same order.
The delay and the short duration of the GBM transient

with respect to GW 150914 could be readily explained.
According to Eq.(12), approximating M ⇠ 30M� for
both BHs in GW 150914, one may estimate ⌧

1.5 . 5 ms,
which is ⌧ the delay time scale �t

GRB

⇠ 0.4 s. One
therefore has t

GRB

⇠ t
1

(noticing (1 + z) ⇠ 1), which
gives a constraint on the onset radius of emission
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The weak signal does not allow a precise measurement
of tr and td. In any case, the pulse is asymmetric (Con-
naughton et al. 2016) with td = t

2

� tr = t
2

� t
1

, consis-
tent with the theory. The total duration is ⌧ = 2t

2

�t
1

⇠
t
2

, which defines the decay time scale due to the angular
spreading curvature e↵ect. One can then estimate the
radius where emission ceases, i.e.
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Even though the Lorentz factor � for such kind of GRBs
is unknown, we can see that for nominal values (�

1

⇠

�
2

⇠ 100) of known GRBs (Liang et al. 2010), the emis-
sion radius is much greater than the photosphere radius,
suggesting that the GRB emission comes from an opti-
cally thin region. The large radius is consistent with the
expectation of the models that invoke magnetic dissipa-
tion in a Poynting flux dominated outflow (Zhang & Yan
2011; Lyutikov & Blandford 2003).

6. EVENT RATE DENSITIES

For q̂ = 10�9 � 10�8 needed to produce FRBs, the
required BH µ⇤⌦⇤ is ⇠ (1032� 1034)G cm3 s�1, which is
much smaller than that of a millisecond magnetar. This
suggests that a moderately spinning BH with a moderate
magnetic field in a merger system could make an FRB.
One would expect more associations of BH-BH mergers
with FRBs than GRBs.
The inferred event rate density of BH-BH mergers from

the detections of GW150914, GW151226 and LVT151012
(Abbott et al. 2016c) is ⇠ (9 � 240) Gpc�3 yr�1. The
FRB event rate density may be estimated as

⇢̇
FRB

=
365Ṅ

FRB

(4⇡/3)D3
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' (5.7⇥ 103 Gpc�3 yr�1)
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Ṅ
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2500

!
, (26)

where Ṅ
FRB

is the daily all-sky FRB rate which is nor-
malized to 2500 (Keane & Petro↵ 2015), and Dz is the
comoving distance of the FRB normalized to 3.4 Gpc
(z = 1). One can see that the FRB rate is at least 20
times higher than the BH-BH merger rate (see also Cal-
lister et al. 2016). Recently Keane et al. (2016) claimed a
cosmological origin of FRB 150418. Spitler et al. (2016),
on the other hand, reported repeating bursts from FRB
121102, which point towards an origin of a young pulsar,
probably in nearby galaxies (e.g. Cordes & Wasserman
2016; Connor et al. 2016). Based on radio survey data,
Vedantham et al. (2016) suggested that the fraction of
cosmological FRBs with bright radio afterglow as FRB
150418 should be a small fraction of the entire FRB pop-
ulation. Our analysis suggests that the BH-BH mergers
can account for the cosmological FRBs if their fraction
is less than 5%, and if all BH-BH mergers can have q̂ at
least 10�10 � 10�8. If the radio transient following FRB
150418 (Keane et al. 2016) is indeed the afterglow of the
FRB (cf. Williams & Berger 2016; Li & Zhang 2016),
then the observation is consistent with the prediction of
this model (Zhang 2016).

7. SUMMARY AND DISCUSSION

For BH-BH mergers, if at least one of the BHs car-
ries a certain amount of charge, the inspiral process gen-
erates a loop circuit, which induces a magnetic dipole.
The rapid evolution of the magnetic moment of the sys-
tem leads to a magnetospheric outflow with an increasing
wind power. If q̂ can be as large as ⇠ (10�9 � 10�8), the
magnetospheric wind right before the coalescence may
produce an FRB, and the BH-BH mergers may con-
tribute to some cosmological FRBs. If q̂ could be as
large as ⇠ (10�5 � 10�4), a short-duration GRB may
be produced. The putative short GRB signal associated
with GW 150914 (Connaughton et al. 2016) may be in-
terpreted with this model.
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The properties of this putative short GRB may be in-
terpreted by our model. According to Eq.(7), one can
estimate the required charge of the BHs as

q̂�4

' 3.5â15/2⌘�1/2
� ' 0.02

✓
â

0.5

◆
15/2

⌘�1/2
� , (23)

where ⌘� = L�/Lw is the radiative e�ciency of the GRB,
which ranges in (0.1-1) for known GRBs (Zhang et al.
2007). According to Eq.(14), the required µ⇤⌦⇤ value is
of the order of that of a millisecond magnetar if q̂ ⇠ 10�5,
achievable for a rapidly spinning BH. So the putative
GBM signal associated with GW 150914 could be inter-
preted with this model. There are suggestions that the
GBM signal may not be real (e.g. Greiner et al. 2016;
Xiong 2016). If so, one may place an upper limit on q̂
of the order of 10�5. The non-detection of �-ray signals
from LVT 151012 and GW 151226 (Racusin et al. 2011;
Smartt et al. 2016) could pose an upper limit on q̂ to the
same order.
The delay and the short duration of the GBM transient

with respect to GW 150914 could be readily explained.
According to Eq.(12), approximating M ⇠ 30M� for
both BHs in GW 150914, one may estimate ⌧

1.5 . 5 ms,
which is ⌧ the delay time scale �t

GRB

⇠ 0.4 s. One
therefore has t

GRB

⇠ t
1

(noticing (1 + z) ⇠ 1), which
gives a constraint on the onset radius of emission

R
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(24)
The weak signal does not allow a precise measurement
of tr and td. In any case, the pulse is asymmetric (Con-
naughton et al. 2016) with td = t

2

� tr = t
2

� t
1

, consis-
tent with the theory. The total duration is ⌧ = 2t

2

�t
1

⇠
t
2

, which defines the decay time scale due to the angular
spreading curvature e↵ect. One can then estimate the
radius where emission ceases, i.e.
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(25)
Even though the Lorentz factor � for such kind of GRBs
is unknown, we can see that for nominal values (�

1

⇠

�
2

⇠ 100) of known GRBs (Liang et al. 2010), the emis-
sion radius is much greater than the photosphere radius,
suggesting that the GRB emission comes from an opti-
cally thin region. The large radius is consistent with the
expectation of the models that invoke magnetic dissipa-
tion in a Poynting flux dominated outflow (Zhang & Yan
2011; Lyutikov & Blandford 2003).

6. EVENT RATE DENSITIES

For q̂ = 10�9 � 10�8 needed to produce FRBs, the
required BH µ⇤⌦⇤ is ⇠ (1032� 1034)G cm3 s�1, which is
much smaller than that of a millisecond magnetar. This
suggests that a moderately spinning BH with a moderate
magnetic field in a merger system could make an FRB.
One would expect more associations of BH-BH mergers
with FRBs than GRBs.
The inferred event rate density of BH-BH mergers from

the detections of GW150914, GW151226 and LVT151012
(Abbott et al. 2016c) is ⇠ (9 � 240) Gpc�3 yr�1. The
FRB event rate density may be estimated as

⇢̇
FRB

=
365Ṅ

FRB

(4⇡/3)D3

z

' (5.7⇥ 103 Gpc�3 yr�1)

⇥
✓

Dz

3.4 Gpc

◆�3

 
Ṅ

FRB

2500

!
, (26)

where Ṅ
FRB

is the daily all-sky FRB rate which is nor-
malized to 2500 (Keane & Petro↵ 2015), and Dz is the
comoving distance of the FRB normalized to 3.4 Gpc
(z = 1). One can see that the FRB rate is at least 20
times higher than the BH-BH merger rate (see also Cal-
lister et al. 2016). Recently Keane et al. (2016) claimed a
cosmological origin of FRB 150418. Spitler et al. (2016),
on the other hand, reported repeating bursts from FRB
121102, which point towards an origin of a young pulsar,
probably in nearby galaxies (e.g. Cordes & Wasserman
2016; Connor et al. 2016). Based on radio survey data,
Vedantham et al. (2016) suggested that the fraction of
cosmological FRBs with bright radio afterglow as FRB
150418 should be a small fraction of the entire FRB pop-
ulation. Our analysis suggests that the BH-BH mergers
can account for the cosmological FRBs if their fraction
is less than 5%, and if all BH-BH mergers can have q̂ at
least 10�10 � 10�8. If the radio transient following FRB
150418 (Keane et al. 2016) is indeed the afterglow of the
FRB (cf. Williams & Berger 2016; Li & Zhang 2016),
then the observation is consistent with the prediction of
this model (Zhang 2016).

7. SUMMARY AND DISCUSSION

For BH-BH mergers, if at least one of the BHs car-
ries a certain amount of charge, the inspiral process gen-
erates a loop circuit, which induces a magnetic dipole.
The rapid evolution of the magnetic moment of the sys-
tem leads to a magnetospheric outflow with an increasing
wind power. If q̂ can be as large as ⇠ (10�9 � 10�8), the
magnetospheric wind right before the coalescence may
produce an FRB, and the BH-BH mergers may con-
tribute to some cosmological FRBs. If q̂ could be as
large as ⇠ (10�5 � 10�4), a short-duration GRB may
be produced. The putative short GRB signal associated
with GW 150914 (Connaughton et al. 2016) may be in-
terpreted with this model.
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Flaring AGN - connection to FRB?

• Re-brightened to the original 
level (Williams & Berger 
2016; Vedanthem et al. 
2016; Johnston et al. 2016) 

• AGN flare or scintillation? 
• An unrelated background 

source or is there a 
connection between the 
AGN and the FRB? 

• Low probability of having the 
bright flare coincides with 
FRB both in space and in 
time (Li & Zhang 2016)

Radio light curve of FRB150418 5

Figure 1. Left panel: Radio light curve at 5.5 GHz. Black crosses denote ATCA observations, blue triangles JVLA observations, and
red squares VLBA, e-MERLIN and EVN. Right panel: Radio light curve from the ATCA data at 5.5 GHz (black crosses) and 7.5 GHz
(red squares).

(2016). These are defined by:

md =
1

S

√

∑
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σ2
i

n
, (1)

χ2
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n
∑

i=1

(Si − S̃)2

σ2
i

. (2)

VS =
Smax − Smin

σ
(3)

where n is the number of data points, Si and σi are the flux
density and the error bar for each datum, S and S̃ are the
mean and weighted mean flux densities, and Smax and Smin

are the maximum and minimum flux densities recorded.
Combining the data taken at 5.5 GHz with the ATCA

and the JVLA, S̃ = 140 µJy, md = 0.36, χ2 = 250 and
VS = 11. These values change only slightly if the e-MERLIN
and VLBA points from Bassa et al. (2016) are included. We
note that, in spite of our best efforts at determing the ab-
solute calibration, S̃ for the Williams & Berger (2016) data
(181 µJy) is significantly larger than the ATCA data. The
data taken at 7.5 GHz at later epochs yield S̃ = 120 µJy,
md = 0.39, χ2 = 180 and VS = 12. Both the modulation
indices and the variability timescales are in line with those
predicted by Akiyama & Johnson (2016) at these Galactic
latitudes.

Observationally, a source with these varability metrics

is rare and, by these measures, both Bell et al. (2015) and
Mooley et al. (2016) would clearly classify this source as a
variable. Ofek et al. (2011) have only 12 out of 464 sources
(∼0.5 percent) with χ2 greater than 100, of these only 2 have
a modulation index in excess of 0.2. In the MASIV survey of
Lovell et al. (2008), of their 443 sources specifically chosen
to be flat spectrum and hence susceptible to variability, only
1 source per epoch showed a modulation index in excess of
0.2. The survey of Mooley et al. (2016) found that 38 out of
3652 sources (∼1 percent) had modulation indices in excess
of 0.26 over the period of a week. The usual caveats apply
here; all these surveys were either at a different observing
frequency or a higher flux density limit or both, compared
to our data.

4.2 Interstellar scintillation

Bassa et al. (2016) and Giroletti et al. (2016) show that the
ATCA radio source (at least at later epochs) is highly com-
pact and located at the centre of the optical galaxy. This
indicates that the source is likely an AGN. Although the
∼mas resolution is not sufficient to determine whether the
source should undergo interstellar scintillation (ISS) it is
certainly indicative. In addition, the quasi-simultaneous ob-
servations made by Vedantham et al. (2016) between 1 and
20 GHz indicate that the source has a flat spectral index
(modulated by ISS; see Akiyama & Johnson 2016).

We deduce from the observations that the variations

c⃝ 2016 RAS, MNRAS 000, 1–9
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operation since October 2002.
During this time, two of 13 non-repeating FRBs and

two of 17 bursts from FRB121102 occurred within the
BAT field of view; no FRBs occurred within the IBIS
field of view. For each FRB with simultaneous BAT
coverage, we retrieved the relevant data from the High-
Energy Astrophysics Science Archive Research Center
(HEASARC2) and searched for sources within 15′ of
the FRB coordinates. This radius accounts for uncer-
tainty in the positions of both the radio source (typi-
cally localized to a single beam with FWHM ≈ 15′) and
the subthreshold BAT source candidates (having 90%-
containment radii r90 ≈ 7′) that are observed in these
data.
We used the heasoft (v. 6.18) software tools and cal-

ibration for our high-energy data analyses3. Swift BAT
survey data include detector plane histograms (DPHs)
of the full-bandpass (15–195keV) 300 s exposures and
scaled detector plane images (DPIs) of the soft-band
(15–50keV) 64 s exposures. We reduced these data using
standard procedures, adopting the maximum allowed
oversampling parameter of 10, and searched for can-
didate sources using the batcelldetect sliding-cell algo-
rithm. This routine uses local estimates of the back-
ground and noise level to identify candidate sources, and
then performs a point-spread function (PSF) fit to de-
rive an accurate source position and BAT counts esti-
mate. We estimated uncertainties in source positions
(r90) from source significances using the calibration of
Baumgartner et al. (2013) (their Eq. 7).
As we are interested in testing the hypothesis of a

fixed Sγ : SGHz fluence ratio for FRBs – and as we are
interested in non-repeating sources (as candidate catas-
trophic events) more than in the known repeating source
FRB121102 – we prioritized the search as follows: non-
repeating FRBs ordered by decreasing radio fluence, fol-
lowed by bursts of FRB121102 ordered by decreasing
radio fluence. The results of our search are presented in
Table 1.

2.2. Counterpart Discovery

We identified an untriggered gamma-ray transient
candidate with signal-to-noise S = 4.2σ in the
first search area, that associated with FRB131104
(Ravi et al. 2015). The transient position is R.A.
06h 44m 33.s12, Dec. −51◦ 11′ 31.′′2 (J2000), with r90 =
6.′8 (Fig. 1). It is located near the edge of the BAT field
of view, with only 2.9% of BAT detectors illuminated
through the coded mask (2.9% coding), which explains
its low significance in spite of a relatively bright inferred

2 HEASARC: http://heasarc.gsfc.nasa.gov/

3 heasoft: http://heasarc.nasa.gov/lheasoft/
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Figure 1. Swift BAT discovery image and light curve
for the transient gamma-ray counterpart to FRB131104,
Swift J0644.5−5111. (a) Swift J0644.5−5111 discovery image
(15–150 keV; UTC 18:03:52 start; 300 s exposure), showing a small
portion of the BAT field of view in tangent plane projection. The
search region for FRB131104 (black circle) is shown; regions with
<1% coding are masked. The point-like excess associated with
the gamma-ray transient peaks at signal-to-noise S = 4.2σ. (b)
Soft-band (15–50 keV) light curve for Swift J0644.5−5111. Time
is measured from the FRB detection, UTC 18:03:59. Both 64 s
(blue) and 320 s (red dashed) flux measurements are shown; error
bars are ±1σ.

fluence. Its sky position is well within the search area,
6.′3 from the radio receiver pointing, with 50% of its
BAT localization probability within the receiver FWHM
(Fig. 2). No candidate counterparts are identified for
the remaining FRBs with BAT coverage, with results as
reported in Table 1.
Since a gamma-ray transient is identified for the high-

est radio fluence non-repeating FRB in our sample, and
since the Sγ : SGHz constraints for the other FRBs are
consistent with the ratio inferred for FRB131104, this
is consistent with our hypothesis and first test, and we
adopt a trials factor of one for assessing the significance
of the counterpart.
We determine this significance by examining 1429

archived BAT survey pointings with exposure times
200 s to 400 s that were taken over the one-year period
June 2015 to May 2016. On average each of these sur-
vey images has 46.3 transient candidates with S ≥ 4.2σ
at >1% coding; although some may be cosmic sources,
for present purposes we treat them all as noise fluctu-
ations. The density of candidates per unit solid angle
varies across the field of view, so we focus on a rectan-
gular region of the BAT image plane, centered on the
transient position in tangent plane coordinates. Within
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Figure 2. Localizations for FRB131104 and its transient
gamma-ray counterpart, Swift J0644.5−5111. (a) Archival R-
band image of the search region (R = 15′, black dotted cir-
cle) and radio localization (r90 = 11.′2, black dashed circle) for
FRB131104; gamma-ray localization (r90 = 6.′8, blue dashed
circle, centered on blue +) for Swift J0644.5−5111; and result-
ing joint radio + gamma-ray localization (r90 = 5.′8, red solid
circle). Positions of the two identified Swift X-ray sources are
indicated (red squares). (b) X-shooter R-band image of the
Swift J064339.9−512042 region, showing its optical counterpart
(ticks), a z = 0.383 quasar with R ≈ 19.0mag. (c) X-shooter
R-band image of the Swift J064409.6−511853 region, showing its
optical counterpart (ticks), a z = 1.525 quasar with R ≈ 20.8mag.

joint localization centered at R.A. 06h 44m 27.s06, Dec.
−51◦ 12′ 54.′′0 (J2000), with r90 = 5.′78. This localiza-
tion is illustrated in Fig. 2 and reported in Table 2.
Examination of archival images of the burst and tran-

sient localization region (Fig. 2) does not reveal any
prominent Local Group or low-redshift galaxies, nor
bright active galaxies, although as noted by Ravi et al.
(2015), the field is near the projected tidal limit of the
Carina dwarf spheroidal galaxy (D ≈ 100kpc) and a
projected tidal stream of the Large Magellanic Cloud
(D ≈ 50 kpc). The absence of known or candidate flare
stars has been noted by Maoz et al. (2015).
A NASA/IPAC Extragalactic Database (NED4) query

targeting the predefined search area for FRB131104

4 NED: https://ned.ipac.caltech.edu

yields six cataloged galaxies5, the quasar QJ0643−5126
(z = 2.77), and the IRAS source IRAS F06441−5118.
The observed density of resolved galaxies and the
presence of a known quasar and an IRAS source
are not remarkable for a field of this size at this
Galactic latitude. All of these cataloged sources lie
well outside the joint localization region except for
2MASX J06435104−5110507, which at 6′ distance from
the center of the joint localization lies just outside its
r90.
We generated a spectrum of Swift J0644.5−5111 from

the 300 s detection image and fitted spectral models
within the xspec environment. The relatively low
signal-to-noise admits a broad range of spectral models,
including simple power-law and thermal bremsstrahlung
models, which we prefer and present in Tables 1 and
2. Using the best fit power-law we derive a fluence of
Sγ = 4.0± 1.8× 10−6 erg cm−2 (15–150keV).
This implies a radio to gamma-ray fluence ratio of

log η = 5.8 ± 0.2 for FRB131104, where η ≡ SGHz/Sγ

is expressed in units of Jy ms erg−1 cm as defined by
Tendulkar et al. (2016). Those authors estimate that
the SGR1806−20 giant flare had log η < 5.9 based
on modeling of the sidelobe response of the Parkes
multibeam receiver (strong constraint), or alternatively,
log η < 7.9 in an idealized diffraction-limited treatment
(weak constraint). Our value for FRB131104, consistent
with the lower limits we derive for FRB110626 and for
two fainter bursts from FRB121102 (Table 1), is consis-
tent with these upper limits from SGR1806−206.
For a nominal 10 GHz bandpass and the observed

flat or inverted spectrum (Ravi et al. 2015), the inte-
grated radio fluence of FRB131104 is Sradio ∼ 3 ×
10−16 erg cm−2. The gamma-ray counterpart thus in-
creases the energy requirements for this event by a fac-
tor of roughly ten billion. (Given its inferred off-center
location within the receiver beam, the radio fluence of
FRB131104 may be underestimated.)
We constructed a light curve of Swift J0644.5−5111

using batcelldetect to measure the counts from
Swift J0644.5−5111 in each of thirteen 64 s and two 320 s
soft-band (15–50keV) exposures covering the sky po-

5 Galaxies within the FRB131104 radio localization: GALEX-
ASC J064303.18−511832.0, 2MASX J06430652−5110339,
2MASX J06434024−5113110, ESO 206-G 022,
2MASX J06435104−5110507, 2MASX J06435472−5118337.

6 Tendulkar et al. (2016) derive lower limits on log η for a num-
ber of FRBs, including FRB131104, that are inconsistent with
their SGR1806−20 limit. However, they allow any observation
of the FRB position within 10 minutes before or after the burst
to limit its gamma-ray fluence, and use a gamma-ray duration of
T90 = 0.1 s to derive limits from non-imaging instruments, the
Fermi GBM and Konus-Wind. Their limits are thus not directly
comparable with ours, since we analyzed only simultaneous obser-
vations by an imaging instrument, the Swift BAT.
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operation since October 2002.
During this time, two of 13 non-repeating FRBs and

two of 17 bursts from FRB121102 occurred within the
BAT field of view; no FRBs occurred within the IBIS
field of view. For each FRB with simultaneous BAT
coverage, we retrieved the relevant data from the High-
Energy Astrophysics Science Archive Research Center
(HEASARC2) and searched for sources within 15′ of
the FRB coordinates. This radius accounts for uncer-
tainty in the positions of both the radio source (typi-
cally localized to a single beam with FWHM ≈ 15′) and
the subthreshold BAT source candidates (having 90%-
containment radii r90 ≈ 7′) that are observed in these
data.
We used the heasoft (v. 6.18) software tools and cal-

ibration for our high-energy data analyses3. Swift BAT
survey data include detector plane histograms (DPHs)
of the full-bandpass (15–195keV) 300 s exposures and
scaled detector plane images (DPIs) of the soft-band
(15–50keV) 64 s exposures. We reduced these data using
standard procedures, adopting the maximum allowed
oversampling parameter of 10, and searched for can-
didate sources using the batcelldetect sliding-cell algo-
rithm. This routine uses local estimates of the back-
ground and noise level to identify candidate sources, and
then performs a point-spread function (PSF) fit to de-
rive an accurate source position and BAT counts esti-
mate. We estimated uncertainties in source positions
(r90) from source significances using the calibration of
Baumgartner et al. (2013) (their Eq. 7).
As we are interested in testing the hypothesis of a

fixed Sγ : SGHz fluence ratio for FRBs – and as we are
interested in non-repeating sources (as candidate catas-
trophic events) more than in the known repeating source
FRB121102 – we prioritized the search as follows: non-
repeating FRBs ordered by decreasing radio fluence, fol-
lowed by bursts of FRB121102 ordered by decreasing
radio fluence. The results of our search are presented in
Table 1.

2.2. Counterpart Discovery

We identified an untriggered gamma-ray transient
candidate with signal-to-noise S = 4.2σ in the
first search area, that associated with FRB131104
(Ravi et al. 2015). The transient position is R.A.
06h 44m 33.s12, Dec. −51◦ 11′ 31.′′2 (J2000), with r90 =
6.′8 (Fig. 1). It is located near the edge of the BAT field
of view, with only 2.9% of BAT detectors illuminated
through the coded mask (2.9% coding), which explains
its low significance in spite of a relatively bright inferred

2 HEASARC: http://heasarc.gsfc.nasa.gov/

3 heasoft: http://heasarc.nasa.gov/lheasoft/
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Figure 1. Swift BAT discovery image and light curve
for the transient gamma-ray counterpart to FRB131104,
Swift J0644.5−5111. (a) Swift J0644.5−5111 discovery image
(15–150 keV; UTC 18:03:52 start; 300 s exposure), showing a small
portion of the BAT field of view in tangent plane projection. The
search region for FRB131104 (black circle) is shown; regions with
<1% coding are masked. The point-like excess associated with
the gamma-ray transient peaks at signal-to-noise S = 4.2σ. (b)
Soft-band (15–50 keV) light curve for Swift J0644.5−5111. Time
is measured from the FRB detection, UTC 18:03:59. Both 64 s
(blue) and 320 s (red dashed) flux measurements are shown; error
bars are ±1σ.

fluence. Its sky position is well within the search area,
6.′3 from the radio receiver pointing, with 50% of its
BAT localization probability within the receiver FWHM
(Fig. 2). No candidate counterparts are identified for
the remaining FRBs with BAT coverage, with results as
reported in Table 1.
Since a gamma-ray transient is identified for the high-

est radio fluence non-repeating FRB in our sample, and
since the Sγ : SGHz constraints for the other FRBs are
consistent with the ratio inferred for FRB131104, this
is consistent with our hypothesis and first test, and we
adopt a trials factor of one for assessing the significance
of the counterpart.
We determine this significance by examining 1429

archived BAT survey pointings with exposure times
200 s to 400 s that were taken over the one-year period
June 2015 to May 2016. On average each of these sur-
vey images has 46.3 transient candidates with S ≥ 4.2σ
at >1% coding; although some may be cosmic sources,
for present purposes we treat them all as noise fluctu-
ations. The density of candidates per unit solid angle
varies across the field of view, so we focus on a rectan-
gular region of the BAT image plane, centered on the
transient position in tangent plane coordinates. Within
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old of 3�. Their background rate was also only calcu-
lated for events with 200 s to 400 s durations, whereas
they may still have claimed a counterpart discovery
with either a shorter or longer event coincident with
FRB 131104. The false alarm rate for all the possi-
ble associations that DeLaunay et al. (2016) could have
claimed is hence likely higher than was estimated.

3. RADIO-INTERFEROMETRIC OBSERVATIONS

Figure 1. Radio-continuum images of the field surround-
ing FRB 131104 in the 5.5 GHz band (top) and 7.5 GHz
band (bottom). The blue circle shows the beam of Parkes
telescope (to twice the half power point, which is approxi-
mately the first null in the beam pattern). The 5.5 GHz and
7.5 GHz image rms flux densities within the blue circle are
15 µJy beam�1 and 20 µJy beam�1 respectively. The red cir-
cle shows the 90% confidence region for the Swift transient.
The black circle shows the position of the unusual variable
AT J0642.9�5118. In both plots, the grayscale ranges lin-
early from �100 to 500 µJy beam�1.

We commenced monitoring the field of FRB 131104
with the Australia Telescope Compact Array (ATCA)
3 d after the FRB was detected at Parkes. Our observa-

tions were conducted over 25 epochs spanning 2.5 yr.
Visibilities were computed using the Compact Array
Broadband Backend (Wilson et al. 2011) over two 2 GHz
width tuneable bands, centered at 5.5 and 7.5 GHz. A
42-pointing mosaic was necessary to cover to twice the
half-power beam point of Parkes observations (which is
the first null in the primary beam) at the highest fre-
quency of the ATCA observations. This was especially
crucial because of the possibility of a population of ul-
trabright FRBs that could be detected in the outer main
beam or sidelobe of the telescope (Vedantham et al.
2016b).
Observations were conducted in a variety of array con-

figurations, with maximum baseline lengths varying be-
tween 214 m and 6 km. Usually 6 antennas were avail-
able, but some observations were conducted with 5 an-
tennas (particularly in the lower resolution arrays where
inclusion of a sixth very distant antenna complicates
imaging), and one with 4. The lower spatial resolution
observations su↵ered from higher noise, but other prob-
lems such as source confusion were not a problem be-
cause the field is relatively sparse. Data were bandpass
calibrated using observations of either PKS 0823�500
or PKS 1934�638, and flux calibrated using the latter.
Phase calibration was conducted with regular observa-
tions of the unresolved radio galaxy J0625�5438. Data
were reduced using the miriad data reduction pack-
age (Sault et al. 1995). The visibilities for each point-
ing were imaged and deconvolved independently (using
multi-frequency synthesis and cleaning) and then com-
bined to form a composite image. Noise levels were typi-
cally 30 µJy beam�1 in the mosaicked observations. We
investigated the role of self calibration (both phase-only
and amplitude-and-phase self calibration) on our flux-
density measurements. We found that while self cali-
bration improved image fidelity it did not significantly
alter flux-density measurements1.
Figure 1 shows composite images formed from the

5.5 GHz (top) and 7.5 GHz (bottom) observations of
the field. The rms noise levels in the two images are,
respectively, 14 and 19 µJy beam�1. The width of the
primary beam of Parkes, to the first null, is shown as
the blue circle. The 90% containment region for Swift
J0644.5�5111 is shown as the red circle. There are no
sources within this region in either the mosaics of all our
data shown in Figure 1 or in individual epochs, allowing
us to place 5� limits on persistent sources at 5.5 GHz
and 7.5 GHz of 70 and 100 µJy respectively.

1 Johnston et al. (2016) noted a ⇡ 10% downward bias in flux-
density measurements in mosaicked data sets. We found that
this was mitigated by imaging with the source of interest at the
reference pixel of the image.
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Fig. 1.— The rejection regions (shadowed) in the 2D (z, n) space based on the upper limit of the radio afterglow emission, 70µJy at
5.5 GHz. The left panel fixes ϵe = 0.1 and varies ϵB, while the right panel fixes ϵB = 0.01 and varies ϵe. The electron spectral index is
fixed to p = 2.3. All radio constraints are plotted in solid curves. The X-ray constraint is plotted as the red dotted curve for ϵe = 0.1 and
ϵB = 0.01 for comparison.

max(νa, νm)|t=3 days regime, and the curved segment at
z < 0.07 corresponds to the νobs > max(νa, νm)|t=3 days

regime. One can see that if the redshift value is of the or-
der of the one inferred from the DM value (i.e., z > 0.1),
the ambient medium number density should be below
∼ 10−3 cm−3. This disfavors the long GRB models that
invoke a massive star origin of the GRB, but is consis-
tent with that inferred from short GRB observations and
the theoretical expectations for a compact binary merger
environment (Berger 2014). On the other hand, if one be-
lieves that the FRB ambient density is that of a typical
ISM (n = (0.1 − 1) cm−3), then a very small redshift is
required, i.e. z ≪ 0.1. This requires that the observed
DM is mostly contributed from the host galaxy or the
immediate environment near the FRB source instead of
the inter-galactic medium. If this is the case, one should
be cautious to apply FRBs as cosmological probes.
Besides radio data, the follow-up observations of Swift

and VLT also provide X-ray and optical upper limits
on the afterglow of FRB 131104/Swift J0644.5-5111, i.e.
4 × 10−14erg cm−2 s−1 in the X-ray band and 4.5 µJy
in the optical band (DeLaunay et al. 2016). The con-
straints from the X-rays are more stringent, which we
also plot as dotted red curve in Fig.1. We find that the
constraint on the ambient density is mainly contributed
by the radio upper limit at lower redshifts, but the X-
ray upper limit places a more stringent constraint in the
nominal redshift range inferred by DM. For example, at
z ∼ 0.55 the constraint on density placed by X-rays is up
to a factor of 2 more stringent than that placed by the
radio data (Fig.1). Murase et al. (2016) and Dai et al.
(2016b) reached a similar conclusion independently.
In view of the wide range of microphysics parameters

observed in GRB afterglows, we also test how they im-
pact on the results. For p, we test three different values,
2.3, 2.7, 3, and find that the results are barely affected.
However, both ϵB and ϵe have significant effects on the
constraints. Fixing ϵe = 0.1 (Fig.1 left panel), the ex-
cluded region greatly shrinks as ϵB drops. A long GRB
environment is allowed if ϵB is as low as 10−4. Simi-

larly, fixing ϵB = 0.01, the allowed region is also greatly
enlarged if ϵe is as small as 0.01.

5. CONCLUSION AND DISCUSSION

We have investigated the implications of the up-
per limit of the radio afterglow of FRB 131104/Swift
J0644.5-5111 system reported by Shannon & Ravi
(2016). We find that for the nominal redshift values in-
ferred from DM and for typical shock microphysics pa-
rameters, ϵe = 0.1, ϵB = 0.01, a long GRB environment
is disfavored but a low-density medium n < 10−3 cm−3

typical for short GRBs of a compact star merger origin is
allowed. Murase et al. (2016) and Dai et al. (2016b) also
discussed the constraints on the ambient medium from
radio and X-ray/optical data, respectively, and similar
conclusions have been obtained. If one invokes a typical
ISM medium density, then the distance of the FRB is
much closer, i.e. z ≪ 0.1, which requires that the large
DM is mostly contributed from the FRB host or the im-
mediate environment of the FRB. On the other hand,
if one allows ϵe and ϵB to be smaller values, as inferred
in some GRB afterglows, the constraints from the up-
per limit become very loose, so that both long GRB and
short GRB environments can be allowed.
Given the loose constraint from the radio afterglow

upper limit, the potential FRB 131104/Swift J0644.5-
5111 association proposed by DeLaunay et al. (2016) re-
mains plausible. The relative timing of the FRB and the
GRB is, however, not easy to interpret within the avail-
able models (see also Murase et al. 2016). Within the
supra-massive magnetar collapsing model, the expected
FRB would be at the end of the plateau (Zhang 2014).
This is inconsistent with the observation, which shows
an extended long GRB following the FRB. Alternatively,
one may attribute the FRB to the result of a NS-NS
merger, either via synchronization of the magnetosphere
(Totani 2013) or pre-merger electromagnetic activity due
to a charged member (Zhang 2016) or the unipolar ef-
fect (Wang et al. 2016). However, such a merger would
produce a short GRB rather than a long one. One pos-
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max(νa, νm)|t=3 days regime, and the curved segment at
z < 0.07 corresponds to the νobs > max(νa, νm)|t=3 days

regime. One can see that if the redshift value is of the or-
der of the one inferred from the DM value (i.e., z > 0.1),
the ambient medium number density should be below
∼ 10−3 cm−3. This disfavors the long GRB models that
invoke a massive star origin of the GRB, but is consis-
tent with that inferred from short GRB observations and
the theoretical expectations for a compact binary merger
environment (Berger 2014). On the other hand, if one be-
lieves that the FRB ambient density is that of a typical
ISM (n = (0.1 − 1) cm−3), then a very small redshift is
required, i.e. z ≪ 0.1. This requires that the observed
DM is mostly contributed from the host galaxy or the
immediate environment near the FRB source instead of
the inter-galactic medium. If this is the case, one should
be cautious to apply FRBs as cosmological probes.
Besides radio data, the follow-up observations of Swift

and VLT also provide X-ray and optical upper limits
on the afterglow of FRB 131104/Swift J0644.5-5111, i.e.
4 × 10−14erg cm−2 s−1 in the X-ray band and 4.5 µJy
in the optical band (DeLaunay et al. 2016). The con-
straints from the X-rays are more stringent, which we
also plot as dotted red curve in Fig.1. We find that the
constraint on the ambient density is mainly contributed
by the radio upper limit at lower redshifts, but the X-
ray upper limit places a more stringent constraint in the
nominal redshift range inferred by DM. For example, at
z ∼ 0.55 the constraint on density placed by X-rays is up
to a factor of 2 more stringent than that placed by the
radio data (Fig.1). Murase et al. (2016) and Dai et al.
(2016b) reached a similar conclusion independently.
In view of the wide range of microphysics parameters

observed in GRB afterglows, we also test how they im-
pact on the results. For p, we test three different values,
2.3, 2.7, 3, and find that the results are barely affected.
However, both ϵB and ϵe have significant effects on the
constraints. Fixing ϵe = 0.1 (Fig.1 left panel), the ex-
cluded region greatly shrinks as ϵB drops. A long GRB
environment is allowed if ϵB is as low as 10−4. Simi-

larly, fixing ϵB = 0.01, the allowed region is also greatly
enlarged if ϵe is as small as 0.01.

5. CONCLUSION AND DISCUSSION

We have investigated the implications of the up-
per limit of the radio afterglow of FRB 131104/Swift
J0644.5-5111 system reported by Shannon & Ravi
(2016). We find that for the nominal redshift values in-
ferred from DM and for typical shock microphysics pa-
rameters, ϵe = 0.1, ϵB = 0.01, a long GRB environment
is disfavored but a low-density medium n < 10−3 cm−3

typical for short GRBs of a compact star merger origin is
allowed. Murase et al. (2016) and Dai et al. (2016b) also
discussed the constraints on the ambient medium from
radio and X-ray/optical data, respectively, and similar
conclusions have been obtained. If one invokes a typical
ISM medium density, then the distance of the FRB is
much closer, i.e. z ≪ 0.1, which requires that the large
DM is mostly contributed from the FRB host or the im-
mediate environment of the FRB. On the other hand,
if one allows ϵe and ϵB to be smaller values, as inferred
in some GRB afterglows, the constraints from the up-
per limit become very loose, so that both long GRB and
short GRB environments can be allowed.
Given the loose constraint from the radio afterglow

upper limit, the potential FRB 131104/Swift J0644.5-
5111 association proposed by DeLaunay et al. (2016) re-
mains plausible. The relative timing of the FRB and the
GRB is, however, not easy to interpret within the avail-
able models (see also Murase et al. 2016). Within the
supra-massive magnetar collapsing model, the expected
FRB would be at the end of the plateau (Zhang 2014).
This is inconsistent with the observation, which shows
an extended long GRB following the FRB. Alternatively,
one may attribute the FRB to the result of a NS-NS
merger, either via synchronization of the magnetosphere
(Totani 2013) or pre-merger electromagnetic activity due
to a charged member (Zhang 2016) or the unipolar ef-
fect (Wang et al. 2016). However, such a merger would
produce a short GRB rather than a long one. One pos-

Shannon & Ravi 2016
Gao & Zhang 2017
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operation since October 2002.
During this time, two of 13 non-repeating FRBs and

two of 17 bursts from FRB121102 occurred within the
BAT field of view; no FRBs occurred within the IBIS
field of view. For each FRB with simultaneous BAT
coverage, we retrieved the relevant data from the High-
Energy Astrophysics Science Archive Research Center
(HEASARC2) and searched for sources within 15′ of
the FRB coordinates. This radius accounts for uncer-
tainty in the positions of both the radio source (typi-
cally localized to a single beam with FWHM ≈ 15′) and
the subthreshold BAT source candidates (having 90%-
containment radii r90 ≈ 7′) that are observed in these
data.
We used the heasoft (v. 6.18) software tools and cal-

ibration for our high-energy data analyses3. Swift BAT
survey data include detector plane histograms (DPHs)
of the full-bandpass (15–195keV) 300 s exposures and
scaled detector plane images (DPIs) of the soft-band
(15–50keV) 64 s exposures. We reduced these data using
standard procedures, adopting the maximum allowed
oversampling parameter of 10, and searched for can-
didate sources using the batcelldetect sliding-cell algo-
rithm. This routine uses local estimates of the back-
ground and noise level to identify candidate sources, and
then performs a point-spread function (PSF) fit to de-
rive an accurate source position and BAT counts esti-
mate. We estimated uncertainties in source positions
(r90) from source significances using the calibration of
Baumgartner et al. (2013) (their Eq. 7).
As we are interested in testing the hypothesis of a

fixed Sγ : SGHz fluence ratio for FRBs – and as we are
interested in non-repeating sources (as candidate catas-
trophic events) more than in the known repeating source
FRB121102 – we prioritized the search as follows: non-
repeating FRBs ordered by decreasing radio fluence, fol-
lowed by bursts of FRB121102 ordered by decreasing
radio fluence. The results of our search are presented in
Table 1.

2.2. Counterpart Discovery

We identified an untriggered gamma-ray transient
candidate with signal-to-noise S = 4.2σ in the
first search area, that associated with FRB131104
(Ravi et al. 2015). The transient position is R.A.
06h 44m 33.s12, Dec. −51◦ 11′ 31.′′2 (J2000), with r90 =
6.′8 (Fig. 1). It is located near the edge of the BAT field
of view, with only 2.9% of BAT detectors illuminated
through the coded mask (2.9% coding), which explains
its low significance in spite of a relatively bright inferred

2 HEASARC: http://heasarc.gsfc.nasa.gov/

3 heasoft: http://heasarc.nasa.gov/lheasoft/
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Figure 1. Swift BAT discovery image and light curve
for the transient gamma-ray counterpart to FRB131104,
Swift J0644.5−5111. (a) Swift J0644.5−5111 discovery image
(15–150 keV; UTC 18:03:52 start; 300 s exposure), showing a small
portion of the BAT field of view in tangent plane projection. The
search region for FRB131104 (black circle) is shown; regions with
<1% coding are masked. The point-like excess associated with
the gamma-ray transient peaks at signal-to-noise S = 4.2σ. (b)
Soft-band (15–50 keV) light curve for Swift J0644.5−5111. Time
is measured from the FRB detection, UTC 18:03:59. Both 64 s
(blue) and 320 s (red dashed) flux measurements are shown; error
bars are ±1σ.

fluence. Its sky position is well within the search area,
6.′3 from the radio receiver pointing, with 50% of its
BAT localization probability within the receiver FWHM
(Fig. 2). No candidate counterparts are identified for
the remaining FRBs with BAT coverage, with results as
reported in Table 1.
Since a gamma-ray transient is identified for the high-

est radio fluence non-repeating FRB in our sample, and
since the Sγ : SGHz constraints for the other FRBs are
consistent with the ratio inferred for FRB131104, this
is consistent with our hypothesis and first test, and we
adopt a trials factor of one for assessing the significance
of the counterpart.
We determine this significance by examining 1429

archived BAT survey pointings with exposure times
200 s to 400 s that were taken over the one-year period
June 2015 to May 2016. On average each of these sur-
vey images has 46.3 transient candidates with S ≥ 4.2σ
at >1% coding; although some may be cosmic sources,
for present purposes we treat them all as noise fluctu-
ations. The density of candidates per unit solid angle
varies across the field of view, so we focus on a rectan-
gular region of the BAT image plane, centered on the
transient position in tangent plane coordinates. Within

• Not exactly. 

• Model predictions: 
• Either FRB after the GRB 

(blitzar scenario) 
• or FRB before the GRB 

(merger scenario) 

• Data: 
• GRB started at least 7 s 

before the FRB



The repeater FRB 121102

• Located in a star forming 
galaxy 

• Associated with a steady 
radio source 

• What is the relationship 
between the radio source 
and FRBs?

Chatterjee et al.; Marcote et al.; Tendulkar et al.
6 Tendulkar et al.

a position and e↵ective radius, taken as the Gaussian
�, consistent with the Sérsic profile convolved with the
point-spread-function. The results of the fits are shown
in Figure 3.
The position and extent of the host galaxy, as ap-

proximated with the two-dimensional elliptical Gaussian
profile, agrees well in the r0 and i0 bands (semi-major
axis �a = 0.0044 with ellipticity b/a = 0.68), while the
z0-band has a slightly o↵set position and appears larger
(� = 0.0059 with b/a = 0.45). We attribute this di↵erence
to the fact that the the r0 and i0 bands are dominated
by the bright emission lines of H↵, H�, [O III] �4959
and [O III] �5007, while the redder z0-band traces the
continuum flux of the host galaxy. As such, the mor-
phology suggests that the host galaxy has at least one
H II region at a slight o↵set from the galaxy center.
Finally, the bottom right panel of Figure 3 plots the

Gaussian centroids on the International Celestial Refer-
ence Frame (ICRF) through the astrometric calibration
of the r0, i0, and z0 images against Gaia. The posi-
tional uncertainties in each axis are the quadratic sum
of the astrometric tie against Gaia (of order 2mas) and
the centroid uncertainty on the image (between 20 and
50mas). The Gaia frame is tied to the ICRF defined
via radio VLBI to a ⇠1mas precision (Mignard et al.
2016), much smaller than the centroid uncertainty. We
find that the position of the persistent radio source seen
with the EVN at an observing frequency of 5GHz with
a 1-mas precision (Marcote et al. 2017), is o↵set from
the galaxy centroids by 186±68 and 163±32mas in the
line-dominated r0 and i0 images, and 286±64mas in the
continuum-dominated z0 image. Though o↵set from the
centroids, the persistent radio source is located within
the e↵ective radii of the di↵erent bands.

4. DISCUSSION AND CONCLUSIONS

The observations presented here confirm the interpre-
tation by Chatterjee et al. (2017) that the extended
optical counterpart associated with FRB121102 is the
host galaxy of the FRB. Our measurement of the red-
shift z = 0.19273 is consistent with the DM-estimated
value of zDM < 0.32 (Chatterjee et al. 2017) and to-
gether with the very low chance superposition probabil-
ity, firmly places FRB121102 at a cosmological distance,
ruling out all Galactic models for this source.
In the following discussion, we assume the cosmolog-

ical parameters from the Planck Collaboration et al.
(2016) as implemented in astropy.cosmology (Astropy
Collaboration et al. 2013), giving a luminosity distance
of DL = 972Mpc, and 100 corresponding to projected
proper and comoving distances of 3.31 kpc and 3.94 kpc,
respectively.

Figure 3. The top left, top right and bottom left pan-
els show respective 7.004 ⇥ 7.004 subsections of the GMOS r0,
i0 and z0 images, centered on the optical counterpart to
FRB121102. Each image has been smoothed by a Gaussian
with a width of 0.002, while the plus sign and ellipse denote
the position and extent of a two-dimensional Gaussian fit
to the spatial profile of the counterpart. The i0-band image
also shows the narrower Sérsic fit by galfit. The bottom
right panel combines the positional and morphological mea-
surements from the di↵erent bands on an astrometric frame
of 100 ⇥ 100 in size. The colors are identical to those used in
the other panels. The large ellipses denote the extent of the
Gaussian and Sérsic fits, while the small ellipses denote the
1-� absolute positional uncertainties. The location of the
persistent counterpart as measured with the EVN at 5GHz
by Marcote et al. (2017) is represented by the black cross.
The uncertainty in the EVN location is much smaller than
the size of the symbol.)

We use the Schlegel et al. (1998) estimate of the Galac-
tic extinction along this line of sight1, EB�V = 0.781.
Using RV = 3.1, we find AV = 2.42, and use the Cardelli
et al. (1989) Galactic extinction curve to correct the
spectrum with band extinctions of Ar0 = 2.15, Ai0 =
1.63, and Az0 = 1.16mag. We note that the Schlafly
et al. (2010); Schlafly & Finkbeiner (2011) recalibrated
extinction model predicts a slightly lower extinction of
EB�V = 0.673. The results described below are insen-
sitive to di↵erences in the extinction at this level. We
do not apply k-correction to the magnitudes as they are
not needed for the precision discussed here.

1 From the IRSA Dust Extinction Calculator http://irsa.

ipac.caltech.edu/applications/DUST/

6 Marcote et al.

done, starting with the single-dish PUPPI data), then
the S/N of the detection statistic, i.e. the output of
the correlation, is proportional to ⇠. Localization of the
source in an image (whether in the image or in the uv
domain) will tend to have the same scaling if the uv data
are calculated with a tight gate (time window) around
the pulse so that it also scales as w. Using only flu-
ence as a detection statistic is not appropriate because
a high-fluence, very wide burst can still be buried in the
noise, whereas a narrower burst with equivalent fluence
is more easily discriminated from noise. Burst #2 was
roughly an order-of-magnitude brighter than the other
3 bursts, and shows a detection statistic ⇠ that is also a
factor of > 6 higher than the other bursts. This bright-
est burst is separated by only ⇠ 7 mas from the cen-
troid of the persistent source at the same epoch and is
positionally consistent at the ⇠ 2-� level. We thus find
no convincing evidence that there is a significant o↵-
set between the source of the bursts and the persistent
source. Since Burst #2’s detection statistic, ⇠, is signif-
icantly larger than for any of the other three bursts, its
apparent position is least a↵ected by noise in the image
plane, as we explain in the following section, §3.2. As
such, in principle it provides the most accurate position
of all 4 detected bursts, and the strongest constraint on
the maximum o↵set between bursts and the compact,
persistent radio source.

3.2. Astrometric Accuracy

The astrometric accuracy of full-track (horizon-to-
horizon observations) EVN phase-referencing is usually
limited by systematic errors due to the poorly modeled
troposphere, ionosphere and other factors. These errors
are less than a milliarcsecond in ideal cases (Pradel et al.
2006), but in practice they can be a few milliarcseconds.
Given the short duration of the bursts (a few millisec-
onds), our interferometric EVN data only contain a lim-
ited number of visibilities for each burst, which results
in a limited uv-coverage and thus very strong, nearly
equal-power sidelobes in the image plane (see Figure 3,
bottom panel). In this case we are no longer limited only
by the low-level systematics described above. The errors
in the visibilities, either systematic or due to thermal
noise, may lead to large and non-Gaussian uncertain-
ties in the position, especially for low S/N, because the
response function has many sidelobes. It is not straight-
forward to derive the astrometric errors for data with
just a few-milliseconds integration. Therefore, we con-
ducted the following procedure to verify the validity of
the observed positions and to estimate the errors.
First, we independently estimated the approximate

position of the strongest burst by fringe-fitting the burst
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Figure 1. EVN image of the persistent source at 1.7 GHz
(white contours) together with the localization of the
strongest burst (red cross), the other three observed bursts
(gray crosses), and the position obtained after averaging all
four bursts detected on 2016 Sep 20 (black cross). Contours
start at a 2-� noise level of 10 µJy and increase by factors of
21/2. Dashed contours represent negative levels. The color
scale shows the image at 5.0 GHz from 2016 Sep 21. The
synthesized beam at 5.0 GHz is represented by the gray el-
lipse at the bottom left of the figure and for 1.7 GHz at the
bottom right. The lengths of the crosses represent the 1-
� uncertainty in each direction. Crosses for each individual
burst reflect only the statistical errors derived from their S/N
and the beam size. The size of the cross for the mean po-
sition is determined from the spread of the individual burst
locations, weighted by ⇠ (see text), and is consistent with the
centroid of the persistent source to within < 2�.

data and using only the residual delays (delay mapping;
Huang et al. 2017, in prep.). With this method we
have obtained an approximate position of ↵J2000 =
5h31m58.698s(+0.004

�0.006), �J2000 = 33�8052.58600(+0.040
�0.044),

where the quoted errors are at the 3-� level. This
method provides additional confidence that the image-
plane detection of the bursts is genuine, since the posi-
tions obtained with the two methods are consistent at
the 3-� level.
Next, we carried out an empirical analysis of single-

burst EVN astrometry by imaging 406 pulses recorded
from the pulsar B0525+21, which was used as a test
source in the 2016 Feb 11 session. PSR B0525+21 has
typical pulse widths of roughly 200 ms and peak flux
densities of ⇠ 70–900 mJy. This corresponds to a range
of measured detection statistics ⇠ ⇠ 0.5–27 Jy ms1/2,
compared to the range ⇠ ⇠ 0.2–5 Jy ms1/2 measured
for the 4 detected FRB 121102 bursts. Figure 4 shows
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Magnetar-powered FRBs in a nebula

• A magnetar powers both the 
nebula and FRBs? 

• Preceded by a long GRB or 
super-luminous SN? - A 
connection with GRB and 
SN? 

• Synchrotron heating of the 
nebula by FRBs? 

• Issue: No evolution of DM for 
the repeater

Yang et al. (2016); Murase et al. (2016); Metzger et al. (2017)

Repeating FRB and its host

1. Method

Kavli Institute of Astronomy and Astrophysics

Fig. 1.— The spectra of FRB 121002 host.

Fig. 2.— The flux of FRB 121002 host.

Synchrotron heating by a fast radio burst 5

Williamson, I. P. 1972, MNRAS, 157, 55
Yi, S.-X., Gao, H., & Zhang, B. 2014, ApJ, 792, L21
Zhang, B. 2014, ApJ, 780, L21
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Zhou, B., Li, X., Wang, T., Fan, Y.-Z., & Wei, D.-M. 2014,
Phys. Rev. D, 89, 107303

Fig. 1.— Consequence of FRB synchrotron heating and its dependence on ν0/νa with I0/Is = 1015 fixed: (a) The electron spectra; (b)
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Figure 1. A cartoon picture of a cosmic comb. An FRB is pro-
duced 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 monitor-
ing of the source (Johnston et al. 2017) suggested that
the source is usually not in the high state. A Monte
Carlo simulation suggests that the random probability
of having the FRB to occur almost during the peak flux
time of the AGN activity is very low, i.e. 10−3

− 10−4

(Li & Zhang 2016). Instead of attributing the AGN flare
to an independent event from the FRB, we interpret FRB
150418 as emission from a combed pulsar by the AGN
flare1. A prediction is that FRB 150418 may repeat dur-
ing another bright flare from the same AGN. However,
not all flares may trigger additional FRBs from the same
pulsar. This is because at the close distance (< 0.1 pc)
from the super-massive black hole, the pulsar must be
undergoing orbital motion, so that there are occasions
when the geometry does not work for the cosmic comb
signal to be detectable from Earth. Within this picture,
the galaxy at z = 0.492 is indeed associated with FRB
150418, as is supported by the measured DM of the FRB
(Keane et al. 2016).
FRB 131104: DeLaunay et al. (2016) discovered a

sub-threshold, putative GRB that coincides with FRB
131104 both in spatial position and in time. A radio
afterglow was not detected (Shannon & Ravi 2016), but
the non-detection is consistent with the afterglow model
if the ambient density is low (as expected from the NS-
NS or NS-BH merger models) or the shock microphysics
parameters are low (Murase et al. 2016b; Gao & Zhang
2017; Dai et al. 2016b). The possible mechanisms to pro-
duce an FRB associated with a GRB include collapse
of a supra-massive millisecond magnetar to a black hole
(Zhang 2014), which requires that the FRB appears near
the end of an extended X-ray plateau; or a pre-merger
electromagnetic processes (Zhang 2016a,b; Wang et al.
2016), which requires that the FRB leads the burst. The
latter scenario may be argued to marginally match the
data (Dai et al. 2016b; Gao & Zhang 2017). However,

1 Other mechanisms to connect an FRB with an AGN have been
also suggested in the literature (e.g. Romero et al. 2016; Zhang
2017).

there might be γ-ray emission already 7 seconds before
the FRB according to the data. Furthermore, the Swift
BAT was not pointing toward the source direction before
−7 seconds with respect to the FRB (DeLaunay et al.
2016). So it is likely that the FRB occurred during the
process of a long-duration GRB. If so, known models
are difficult to interpret the FRB. In the cosmic comb
model, one requires that a pulsar is located at a distance
r > γ2c(7 s) ∼ 2 × 1016 cmγ2

2.5 away from the central
engine in the direction of the jet (or at a closer distance
if the line of sight is mis-aligned from the pulsar-engine
direction). Considering a possible star forming region for
a long GRB or a possible globular cluster for a NS-NS
or NS-BH merger event, the chance probability to have
a foreground pulsar from the GRB may not be small.
The repeater (FRB 121102): The repeater is lo-

cated in a star-forming dwarf galaxy at z = 0.193
(Tendulkar et al. 2017). The source is associated with
a radio source (Marcote et al. 2017), which is offset
from the center of the galaxy (Tendulkar et al. 2017).
A plausible scenario might be that the source of the
FRB, likely a rapidly spinning magnetar, is at the cen-
ter of the radio source and pumping energy to power a
nebula (e.g. Yang et al. 2016; Murase et al. 2016a; Piro
2016; Metzger et al. 2017). However, this model pre-
dicts an observable evolution of DM over the year time
scale (Piro 2016; Metzger et al. 2017; Yang et al. 2017),
which is marginally inconsistent with the non-detection
of DM evolution of the repeating FRBs. Within the cos-
mic comb scenario proposed in this paper, the repeat-
ing bursts may originate from a foreground pulsar being
episodically combed by an unsteady flow from a young
supernova remnant. If the condition (1) is marginally
satisfied, the pulsar may relax to its normal magne-
tospheric configuration after a particular combing, but
may be combed again and again when clumps with a
higher ram pressure reach the pulsar magnetosphere re-
gion repeatedly. The pulsar is therefore observed to
emit FRBs repeatedly. For a remnant with a finite
width ∆ and speed v, the repeating phase may last for
∆/v = 107 s∆16v

−1
9 . Since the repeater has been ob-

served to repeat in a multi-year time scale, the remnant
may be continuously energized by a central engine, likely
a rapidly rotating neutron star. Since the FRB source is
a foreground pulsar from the central source, the DM evo-
lution could be much weaker depending on the geometry,
consistent with the data. There is no direct observational
evidence of ram pressure variation within a supernova
remnant. However, for a nebular powered by continuous
energy injection from a central engine (which is not the
source of FRBs in the cosmic comb model), variation of
ram pressure of the stream is expected. For a marginally
satisfied comb condition envisaged here, a variation of
ram pressure by a factor of a few would suffice to make
a repeating FRB source as observed.
Other FRBs: No counterparts have been claimed for

other FRBs. Within the cosmic comb model, the ram
pressure of the plasma stream essentially depends on the
energy flux of the stream source. For example, a flare
from a companion star (similar to a corona mass ejection
event of the Sun) may provide a comparable ram pressure
to a pulsar as the blastwave of a more distant GRB or
supernova. As a result, one does not necessarily expect
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duced in the sheath region, which sweeps the line of sight during a
short period of time defined by Eq.(7).
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when the geometry does not work for the cosmic comb
signal to be detectable from Earth. Within this picture,
the galaxy at z = 0.492 is indeed associated with FRB
150418, as is supported by the measured DM of the FRB
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tospheric configuration after a particular combing, but
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given by T µν = (ρc2 + e + p)uµuν + pgµν , where gµν is
the metric tensor, uµ = γ(1,βx,βy,βz) is the dimension-
less 4-velocity, (βx,βy,βz) is the dimensionless 3-velocity
vector with amplitude β = v/c, γ = (1 − β2)−1/2 is the
Lorentz factor, ρ, e, and p = (γ̂−1)e are the mass density,
internal energy density, and pressure of the fluid, respec-
tively, γ̂ is the adiabatic index, and c is speed of light. For
a fluid with co-moving mass density ρ0, internal energy
density e and pressure p, the lab-frame energy density is
T 00 = γ2(ρ0c2 + e + p) − p = γ2ρ0c2 + (γ̂γ2

− γ̂ + 1)e.
Subtracting the rest mass energy density one can obtain
the ram pressure. The condition for a cosmic comb then
reads

(γ2
− 1)ρ0c

2 + (γ̂γ2
− γ̂ + 1)e >

B2

8π
. (1)

For a non-relativistic (γ2
− 1 ≃ β2), cold (e ≃ 0) flow,

this is reduced to the familiar form of

ρv2 >
B2

8π
. (2)

The magnetosphere of a pulsar is enclosed within the
light cylinder with radius RLC = c/Ω = cP/2π ∼

(4.8×109cm)P , where Ω and P are the angular frequency
and period of the pulsar, respectively. The magneto-
sphere of a pulsar is significantly modified if the ram pres-
sure exceeds the magnetic pressure at the light cylinder,
BLC ∼ Bs(RLC/R)−3, where R ∼ 106 cm is the radius of
the neutron star, and a dipolar magnetic configuration
has been assumed. The right hand side of Eqs.(1) and
(2) is therefore

B2
LC

8π
=

B2
s

8π

(

ΩR

c

)6

≃ (3.4 erg cm−3) B2
s,12P

−6, (3)

where the median values of surface magnetic field Bs =
1012 G and period P = 1 s for Galactic radio pulsars
have been adopted (throughout the paper, the conven-
tion Q = 10nQn is adopted in cgs units). Noticing the
strong dependence on Bs and especially on P , one can
conclude that cosmic combs more easily happen in slow
and low-field pulsars.
For a relativistic blastwave such as a GRB afterglow or

a relativistic AGN flare, since e ≫ ρ0c2 and γ̂ ≃ 4/3 due
to relativistic shock heating, the left hand side of Eq.(1)
can be simplified as

4

3
γ2e ≃

4

3
γ3nISMmpc

2
≃ (2.0 erg cm−3) γ3

1nISM,0 (4)

for a nominal value γ = 10 and nISM = 1 cm−3, where
e = (γ− 1)nISMmpc2. For a non-relativistic outflow such
as a supernova explosion, a quasi-isotropic compact star
merger ejecta, or a quasi-isotropic tidal disruption ejecta,
the left hand side of Eq.(2) can be expressed as

ρv2 =
∆Mv2

4πr2∆
= (14.2 erg cm−3)

(

∆M

M⊙

)

β2
−1r

−2
17 ∆

−1
16

(5)
for an impulsive explosion (where ∆M is the ejecta mass,
∆ is the thickness of the shell, r is the distance from the
center of explosion, and v is the speed of the ejecta), or

ρv2 =
Ṁv

4πr2
= (1.5 erg cm−3)

(

Ṁ

M⊙ yr−1

)

β−1r
−2
17 (6)

for a continuous wind (where Ṁ is the wind mass loss
rate). One can see that cosmic comb condition can be
satisfied for a variety of systems if the pulsar is close
enough to the source. For typical parameters, the “hori-
zon” of a cosmic comb is of the order of 0.1 pc. However,
noticing the sensitive dependence of magnetic pressure
on P and B, the horizon can easily reach ∼ pc for slower
and weaker-field pulsars.
If the cosmic comb condition is satisfied, when the

plasma stream suddenly arrives, the pulsar magneto-
sphere is combed towards the anti-stream direction in a
duration of ∼ Rsh/v ∼ (3s) Rsh,10β−1, where Rsh ∼ RLC
is the distance of the sheath from the pulsar (Fig.1, in
analogy with the Earth magnetosphere). The strong ram
pressure of the stream may trigger magnetic reconnec-
tions, which would quickly accelerate particles to rela-
tivistic speeds within a time scale much shorter than the
combing time scale. The relativistic particles move along
the magnetic field lines and flow out from the sheath to
produce coherent radio emission. During the combing
process, the sheath very quickly sweeps a near-2π hemi-
sphere solid angle. If the electrons (or electron-positron
pairs) in the sheath move with a Lorentz factor γe, then
the emission beam angle of the sheath would be 1/γe,
which is usually much smaller than the physical open-
ing angle of the sheath. If the distance range over which
emission into the characteristic radio band of the tele-
scope (e.g. GHz range) is small, an observer at a random
direction in the “night” side of the hemisphere would de-
tect the signal in a duration

∆t ∼
Rsh

vγe
≃ (3.3 ms)Rsh,10β

−1
−1γ

−1
e,3 . (7)

This is consistent with the millisecond durations of the
observed FRBs if γe ! 103 is satisfied.
The coherent radio emission mechanism is not speci-

fied. One interesting estimate is that with the nominal
parameters, the curvature radiation frequency is

ν =
3

4π

c

ρ
γ3
e ≃ (7.2× 108 Hz) ρ−1

10 γ
3
e,3, (8)

which falls into the range of FRB detection frequency
(the curvature radius ρ ∼ Rsh has been assumed). If the
combing process may allow particles to emit in phase (the
antenna mechanism), bright coherent radio emission can
be generated. Alternatively, a cyclotron instability mech-
anism, as was proposed to interpret pulsar radio emission
(Kazbegi et al. 1991), may operate near the light cylin-
der region to power the FRB. A sheath-origin coherent
emission has been introduced to interpret radio emission
of Pulsar B in the double pulsar system (Lyutikov 2004).
Here we assume that the combing process can produce
bright coherent radio emission detectable from cosmolog-
ical distances, and encourage a full investigation of the
coherent mechanism of such a process in detail.

3. CASE STUDIES

This model can explain the puzzling properties of sev-
eral FRBs in a unified way:
FRB 150418: Keane et al. (2016) discovered a bright

radio source starting from 2 hours after the FRB. The
source dimmed in the next two observational epochs at
6 and 8 days after the FRB, respectively, and reached

2 Zhang

given by T µν = (ρc2 + e + p)uµuν + pgµν , where gµν is
the metric tensor, uµ = γ(1,βx,βy,βz) is the dimension-
less 4-velocity, (βx,βy,βz) is the dimensionless 3-velocity
vector with amplitude β = v/c, γ = (1 − β2)−1/2 is the
Lorentz factor, ρ, e, and p = (γ̂−1)e are the mass density,
internal energy density, and pressure of the fluid, respec-
tively, γ̂ is the adiabatic index, and c is speed of light. For
a fluid with co-moving mass density ρ0, internal energy
density e and pressure p, the lab-frame energy density is
T 00 = γ2(ρ0c2 + e + p) − p = γ2ρ0c2 + (γ̂γ2

− γ̂ + 1)e.
Subtracting the rest mass energy density one can obtain
the ram pressure. The condition for a cosmic comb then
reads

(γ2
− 1)ρ0c

2 + (γ̂γ2
− γ̂ + 1)e >

B2

8π
. (1)

For a non-relativistic (γ2
− 1 ≃ β2), cold (e ≃ 0) flow,

this is reduced to the familiar form of

ρv2 >
B2

8π
. (2)

The magnetosphere of a pulsar is enclosed within the
light cylinder with radius RLC = c/Ω = cP/2π ∼

(4.8×109cm)P , where Ω and P are the angular frequency
and period of the pulsar, respectively. The magneto-
sphere of a pulsar is significantly modified if the ram pres-
sure exceeds the magnetic pressure at the light cylinder,
BLC ∼ Bs(RLC/R)−3, where R ∼ 106 cm is the radius of
the neutron star, and a dipolar magnetic configuration
has been assumed. The right hand side of Eqs.(1) and
(2) is therefore

B2
LC

8π
=

B2
s

8π

(

ΩR

c

)6

≃ (3.4 erg cm−3) B2
s,12P

−6, (3)

where the median values of surface magnetic field Bs =
1012 G and period P = 1 s for Galactic radio pulsars
have been adopted (throughout the paper, the conven-
tion Q = 10nQn is adopted in cgs units). Noticing the
strong dependence on Bs and especially on P , one can
conclude that cosmic combs more easily happen in slow
and low-field pulsars.
For a relativistic blastwave such as a GRB afterglow or

a relativistic AGN flare, since e ≫ ρ0c2 and γ̂ ≃ 4/3 due
to relativistic shock heating, the left hand side of Eq.(1)
can be simplified as

4

3
γ2e ≃

4

3
γ3nISMmpc

2
≃ (2.0 erg cm−3) γ3

1nISM,0 (4)

for a nominal value γ = 10 and nISM = 1 cm−3, where
e = (γ− 1)nISMmpc2. For a non-relativistic outflow such
as a supernova explosion, a quasi-isotropic compact star
merger ejecta, or a quasi-isotropic tidal disruption ejecta,
the left hand side of Eq.(2) can be expressed as

ρv2 =
∆Mv2

4πr2∆
= (14.2 erg cm−3)

(

∆M

M⊙

)

β2
−1r

−2
17 ∆

−1
16

(5)
for an impulsive explosion (where ∆M is the ejecta mass,
∆ is the thickness of the shell, r is the distance from the
center of explosion, and v is the speed of the ejecta), or

ρv2 =
Ṁv
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Conclusions
• FRB counterparts would reveal their progenitor(s) 
• Model-independent and model-specific predictions 

(none realized) 
• Some counterparts (or counterpart candidates) 

detected. Observations are perplexing and 
inconsistent 

• Continue multi-wavelength, multi-messenger 
observations!  

• Don’t over-estimate the creativity of Nature, but don’t 
under-estimate it, either!


