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Gravitational waves detected!

NS-NS, NS-BH mergers?GW 150914, GW 151226, LVT 151012  

BH-BH mergers (Abbott et al. 2016a,b) Nuttall’s talk



Gravitational waves
• Quadrupole rather than dipole 

• Speed of light  
• Luminosity 

• Top candidates: NS-NS, BH-NS, BH-BH 
mergers 

• Amplitude proportional to r -1 
• Final frequency

Quadrupole moment tensor:

12.3 Gravitational waves from GRBs 519

have an energy in the milti-MeV range, and can be generated before and
during the GRB prompt emission phase. On Feb. 23, 1987, three neutrino
detectors (Super Kamiokande, IMB, and Baksan) registered altogether 24
neutrinos within less than 13 seconds from SN 1987A, a nearby supernova
in Large Magellanic Cloud, approximately 168,000 light years away. For cos-
mological GRBs, these neutrinos are beyond the detectability of the current
neutrino telescopes. As a result, this MeV neutrino component, even though
guaranteed and holding rich physical information about the explosion, can-
not be detected unless the GRB is extremely close to Earth.

12.3 Gravitational waves from GRBs

12.3.1 Gravitational waves

Gravitational waves (GWs) are predicted from the General Theory of Rel-
ativity. They have been indirectly “detected” by the observations of dou-
ble neutron star systems, such as PSR 1913+16 (e.g. Taylor and Weisberg,
1989). No direct detections have been made as of the writing of this book.

Some important features of GWs include the following:

• GWs are “ripples” in space time. It is a relativistic analogue of the New-
tonian tidal acceleration (relative acceleration of two test particles).

• GWs travel with speed of light.

• In contrast to dipole radiation for electromagnetic waves, GWs are quadrupole
radiation.

• There are two modes: “+” and “×”.

• The amplitude (or strain) decays with distance as h ∝ r−1, in contrast to
∝ r−2 for EM waves. Even though GWs are very faint, once detected, the
GW “flux” does not drop with distance as rapidly as EM signals.

The quadrupole formula can be written as

−Ė =
G

5c3

〈 ...
Iij

...
Iij
〉

, (12.31)

where

Iij =

∫

ρ(xixj − r2δij/3)d
3x (12.32)

is the quadrupole-moment tensor,
...
I is the third time derivative, and the

average is over a period of oscillation.
For a rod of length L and mass M rotating around its mid-point with

12.3 Gravitational waves from GRBs 519

have an energy in the milti-MeV range, and can be generated before and
during the GRB prompt emission phase. On Feb. 23, 1987, three neutrino
detectors (Super Kamiokande, IMB, and Baksan) registered altogether 24
neutrinos within less than 13 seconds from SN 1987A, a nearby supernova
in Large Magellanic Cloud, approximately 168,000 light years away. For cos-
mological GRBs, these neutrinos are beyond the detectability of the current
neutrino telescopes. As a result, this MeV neutrino component, even though
guaranteed and holding rich physical information about the explosion, can-
not be detected unless the GRB is extremely close to Earth.

12.3 Gravitational waves from GRBs

12.3.1 Gravitational waves

Gravitational waves (GWs) are predicted from the General Theory of Rel-
ativity. They have been indirectly “detected” by the observations of dou-
ble neutron star systems, such as PSR 1913+16 (e.g. Taylor and Weisberg,
1989). No direct detections have been made as of the writing of this book.

Some important features of GWs include the following:

• GWs are “ripples” in space time. It is a relativistic analogue of the New-
tonian tidal acceleration (relative acceleration of two test particles).

• GWs travel with speed of light.

• In contrast to dipole radiation for electromagnetic waves, GWs are quadrupole
radiation.

• There are two modes: “+” and “×”.

• The amplitude (or strain) decays with distance as h ∝ r−1, in contrast to
∝ r−2 for EM waves. Even though GWs are very faint, once detected, the
GW “flux” does not drop with distance as rapidly as EM signals.

The quadrupole formula can be written as

−Ė =
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520 Non-Electromagnetic Signals

angular velocity Ω, the rate of GW radiation energy is

LGW = −Ė =
2G

45c5
M2L4Ω6 ≃ 1.2× 10−61 erg s−1(M/g)2(L/cm)4(Ω/s−1)6.

(12.33)
For an astronomical rigid-body system with mass M and an orbital radius
L, the the angular velocity can be estimated as

Ω ∼
(

GM

L3

)1/2

, (12.34)

so that the GW luminosity can be estimated as

LGW ∼
c5

G

(

GM

c2L

)5

∼
c5

G

(rg

L

)5
, (12.35)

where rg = GM/c2 = (1/2)rs (rs = 2GM/c2 is Schwarzschild radius).
So the strongest GW radiation should come from the largest rg/L ∼ 1.
This corresponds to compact objects such as black holes and neutron stars.
Regardless of the mass of the system, the maximum GW luminosity is

LGW,max =
c5

G
≃ 3.6 × 1059 erg s−1. (12.36)

The characteristic frequency at the maximum GW luminosity can be de-
rived from GM/c2r ∼ 1, which gives

Ω ∼
c3

GM
≃ 2.0 × 105 Hz

(

M

M⊙

)−1

. (12.37)

The “flux” of GWs is measured by gravitational strain, which is the frac-
tion of distortion in the length of detectors induced by the fluctuating grav-
itational acceleration, which is defined by

h ≡
√

h2
+ + h2

× =

(

32πGT01

c3Ω2

)1/2

, (12.38)

where T01 is the (0,1) component of the energy-momentum tensor. For a
maxmimally emitting source,

T01 =

(

c5

4πGr2

)

, (12.39)

so that

h =

√
8c

Ωr
≃ 2.7 × 10−17

(

Ω

kHz

)−1( r

Mpc

)−1

. (12.40)

A more realistic treatment gives a strain as small as 10−20 at 1 Mpc.
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2G

45c5
M2L4Ω6 ≃ 1.2× 10−61 erg s−1(M/g)2(L/cm)4(Ω/s−1)6.

(12.33)
For an astronomical rigid-body system with mass M and an orbital radius
L, the the angular velocity can be estimated as

Ω ∼
(

GM

L3

)1/2

, (12.34)

so that the GW luminosity can be estimated as

LGW ∼
c5

G

(

GM

c2L

)5

∼
c5

G

(rg

L

)5
, (12.35)

where rg = GM/c2 = (1/2)rs (rs = 2GM/c2 is Schwarzschild radius).
So the strongest GW radiation should come from the largest rg/L ∼ 1.
This corresponds to compact objects such as black holes and neutron stars.
Regardless of the mass of the system, the maximum GW luminosity is

LGW,max =
c5

G
≃ 3.6 × 1059 erg s−1. (12.36)

The characteristic frequency at the maximum GW luminosity can be de-
rived from GM/c2r ∼ 1, which gives

Ω ∼
c3

GM
≃ 2.0 × 105 Hz

(

M

M⊙

)−1

. (12.37)

The “flux” of GWs is measured by gravitational strain, which is the frac-
tion of distortion in the length of detectors induced by the fluctuating grav-
itational acceleration, which is defined by

h ≡
√

h2
+ + h2

× =

(

32πGT01

c3Ω2

)1/2

, (12.38)

where T01 is the (0,1) component of the energy-momentum tensor. For a
maxmimally emitting source,

T01 =

(

c5

4πGr2

)

, (12.39)

so that

h =

√
8c

Ωr
≃ 2.7 × 10−17

(

Ω

kHz

)−1( r

Mpc

)−1

. (12.40)

A more realistic treatment gives a strain as small as 10−20 at 1 Mpc.

520 Non-Electromagnetic Signals

angular velocity Ω, the rate of GW radiation energy is

LGW = −Ė =
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EM signals associated with GWs: 
Not firmly detected yet

• Confirm the astrophysical origin 
of the GW signals 

• Study the astrophysical 
physical origin of the GW 
sources (e.g. host galaxy, 
environment, etc) 

• Study the detailed physics 
involved in GW events (e.g. 
equation of state of nuclear 
matter, black hole 
electrodynamics) 

• Need matter or EM field



Plan of the Talk

Discuss 3 types of merger systems: 
• BH - NS mergers 
• NS - NS mergers 

• BH remnant 
• millisecond magnetar remnant 

• BH - BH mergers 

Discuss 5 types of EM counterparts: 
• short GRBs and afterglows 
• kilonova / macronova / mergernova 
• kilonova afterglow 
• X-ray emission from magnetar 
• fast radio bursts 



BH-NS mergers

Bartos, I., Brady, P., Marka, S. 2013, CQGrav., 30, 123001



BH-NS mergers (small mass ratio)

Metzger & Berger (2012)

• Jetted component (likely, but low 
probability): 
• Short GRB (sGRB) 
• sGRB afterglow (X-ray, UV/

optical/IR, radio) 

• Quasi-Isotropic component (likely, 
but faint): 
• Macronova/kilonova/

mergernova (optical/IR) - 
detected with sGRBs 

• kilonova afterglow (radio flare)

Talks by Nissanke, Tanaka, Janka, Piran



Halloween Pumpkin 



Halloween Pumpkin 



EM counterpart 1 (likely):  
Short GRBs/afterglows

• In different types of host galaxies, 
including a few in elliptical/early-type 
galaxies, but most in star-forming 
galaxies 

• Large offsets, in regions of low star 
formation rate in the host galaxy. 
Some are outside the galaxy. 

• Relatively faint afterglows 
• Leading model: NS-NS or NS-BH 

mergers

Rezzolla et al. 2011



Short GRBs as GW EM counterpart: 
Caveats

• Not all SGRBs are related 
to mergers – some may 
be related to massive 
stars (similar to LGRBs) 
(Zhang et al. 2009; Virgili et al. 2012; 
Bromberg et al. 2013) 

• SGRBs are collimated - 
only a small fraction of 
GW events will be 
associated with SGRBs.



EM counterpart 2 (likely): 
Kilonova, macronova, mergernova

• Kilonova (macronova, Li-
Paczynski nova, r-process 
nova, mergernova): SN-like 
transients powered by nuclear 
radioactivity (and possible a 
magnetar) in the ejecta of 
compact star mergers 

• 1-day V-band luminosity: 
3×1041 erg/s (Metzger et al. 2010): 
3-5 orders of magnitude fainter 
than GRB afterglow 

• High opacity from heavier 
elements (e.g. lanthanides) – 
peak in IR (Barnes & Kasen 2013) 

• Detections in GRB 130603B 
and several othersTanvir et al. (2013, Nature), Berger et al. (2013, ApJL)



Kilonova, macronova, mergernova
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FIG. 1: The afterglow emission, not corrected for the small amount of foreground and host extinction, of GRB 060614. Note
that the VLT V/I band data have been calibrated to the HST F606W/F814W filters with proper k−corrections (see the
Appendix). The VLT data (the circles) are canonical fireball afterglow emission while the HST F814W detection (marked
in the square) at t ∼ 13.6 day is significantly in excess of the same extrapolated power-law decline (see the residual), which
is at odds with the afterglow model. The F814W-band lightcurve of SN 2008ha expected at z = 0.125 is also presented for
comparison. The dashed lines are Macronova model light curves generated from numerical simulation [29] for the ejecta from
a black hole−neutron star merger.

model, the cooling frequency is expected to drop with time as νc ∝ t−1/2 [22]. Thus, it cannot change the optical
spectrum in the time interval of 1.9 − 13.6 day. Hence, the remarkable color change and the F814W-band excess of
∼ 1 mag suggest a new component. Like in GRB 130603B this component was observed at one epoch only. After
the subtraction of the power-law decay component, the flux of the excess component decreased with time faster than
t−3.2 for t > 13.6 days An unexpected optical re-brightening was also detected in GRB080503, another ‘long-short’
burst [24]. However, unlike the excess component identified here, that re-brightening was achromatic in optical to
X-ray bands and therefore likely originated by a different process.
Shortly after the discovery of GRB 060614 it was speculated that it is powered by an “unusual” core collapse of a

massive star [2, 3]. We turn now to explore whether the F814W-band excess can be powered by a weak supernova.
Fig.2 depicts the color F606W−F814W of the excess component (we take F606W−F814W≈ 1.5 mag as a conservative

GRB 060614 
Yang et al. (2015)
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FIG. 1: The optical observations of sGRB 050709
(a) and a comparison of the data with a theoreti-
cal macronova light curve (b). (a): The fits to the R-
band emission (green dashed line) and to the I-band observa-
tions from the VLT I-band data as well as the first two HST
F814W-band data points (red dash-dotted line) yield the de-
clines of t−1.63±0.16 and t−1.12±0.09, respectively. The dotted
lines represent the “suggested”-afterglow emission lightcurves
of the GRB outflow after the jet break (i.e., t−2.5 for the
energy distribution index of the shock-accelerated electrons
p ∼ 2.5). (b): Shown are the residuals of the optical emis-
sion after the subtraction of a suggested fast-declining forward
shock afterglow after t = 1.4 days (dotted lines in the upper
panel). The simulated I/R/V -band macronova light curves
[17] are for the ejecta from a black hole−neutron star merger,
corresponding to an ejection mass of Mej ∼ 0.05 M⊙ and a
velocity of Vej ∼ 0.2c. An uncertainty of ∼ 0.75 mag (the
shaded region) has been adopted following Hotokezaka et al
[32]. (c): The SED of the macronova signal of sGRB 050709
measured by VLT on July 12, 2005 compared with a possi-
ble Iron line-like spectral structure adopted from Kasen et
al. [13]. Note that all errors are 1σ statistical errors and the
upper limits are at the 3σ confidence level.

suggested-afterglow component has been subtracted) is
very similar to that identified in hGRB 060614 [26].
In Fig.1(b) we compared the observed lightcurves with

the predictions of a macronova model. Shown are the
residual of the optical emission after the subtraction of a
suggested forward shock afterglow with a fast declining
emission after t = 1.4 days and the theoretical lightcurves
of a macronova following a black hole−neutron star
merger [17] with Mej ∼ 0.05 M⊙ and vej ∼ 0.2c, where
c is the speed of light, Mej and vej are the ejecta mass
and velocity, respectively. This is comparable but slightly
smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [25].
Such a large amount of r-process material is consistent
with a black-hole neutron star mergers [36–39] and it
also supports the hypothesis that compact object merg-
ers are prime sites of significant production of r−process
elements [3, 40–46]. The black-hole neutron star merger
scenario also has a significant implication on the prospect
of establishing the GRB/GW connection in the advanced
LIGO/Virgo era [47].
The weak I-band emission at t ∼ 2.5 days together

with the almost simultaneous R and V observations, im-
plies a puzzling broad line-like structure (see Fig.1(c) for
the afterglow-subtracted SED). A speculative interpre-
tation is that this signal is due to a disk wind driven
macronova. A strong line feature can be produced by a
macronova dominated by Iron [13]. Such an Iron-group
dominated macronova may arise from an accretion disk
wind [48] in which the heavier r-process elements are de-
pleted because strong neutrino irradiation from a rem-
nant neutron star or the accretion torus can increase
the electron fraction of the disk material. An interesting
possibility is that the sub-relativistic neutron-rich ejecta
from the compact object mergers may have a heavier or
lighter composition in different directions and the result-
ing signal may be a combination of macronovae resulting
from those (e.g. [49, 50]). A telescope of the E-ELT (Eu-
ropean Extremely Large Telescope) class will be able to
carry out spectroscopy of these faint signals allowing a
better understanding of the phenomena.
Before concluding we note that if we do not rely on the

re-analysis of the data, and adopt the afterglow interpre-
tation of Watson et al. [28], even in this case there is an
I band excess at 9.8 days. The most natural explanation
for this excess is also a macronova and the physical pa-
rameters are similar to that adopted in the modeling of
Fig.1.

B. Macronvovae are ubiquitous in afterglows of
short and hybrid GRBs

Following the tentative discovery of a third macronova
signal we have re-examined all nearby sGRBs and hGRBs
to search for possible macronova signals. Usually the
macronova optical spectrum is expected to be soft, there-
fore ground-based deep I-band observations (ground-

GRB 050709 
Jin et al. (2016)



The Kilonova Handbook

Brian D. Metzger

⇤

November 1, 2016

Abstract

The mergers of double neutron star (NS-NS) and black hole (BH)-
NS binaries are promising gravitational wave (GW) sources for Advanced
LIGO and future GW detectors. The neutron-rich ejecta from such merger
events undergoes rapid neutron capture (r-process) nucleosynthesis, en-
riching our Galaxy with rare heavy elements like gold and platinum. The
radioactive decay of these unstable nuclei also powers a rapidly evolv-
ing, supernova-like transient known as a “kilonova”. Kilonovae provide
an approximately isotropic electromagnetic counterpart to the GW sig-
nal, which also provides a unique and direct probe of an important, if
not dominant, r-process site. This “handbook” reviews the history and
physics of kilonovae, leading to the current paradigm of week-long emis-
sion with a spectral peak at near-infrared wavelengths. Using a simple
light curve model to illustrate the basic physics, I introduce potentially im-
portant variations on this canonical picture, including: ⇠day-long optical
(“blue”) emission from lanthanide-free components of the ejecta; ⇠hour-
long precursor UV/blue emission, powered by the decay of free neutrons
in the outermost ejecta layers (“macronova”); and enhanced emission due
to energy input from a long-lived central engine, such as an accreting BH
or millisecond magnetar. I assess the prospects of detecting kilonovae
following future GW detections of NS-NS/BH-NS mergers in light of the
recent follow-up campaign of the LIGO binary BH-BH mergers.

1 Introduction

The discovery of gravitational waves (GW) from the inspiral and coalescence of
binary black holes (BH) by the Laser Interferometer Gravitational Wave Obser-
vatory (LIGO) has opened a fresh window on the cosmos (Abbott et al. 2016).
Even the limited sample of BH-BH mergers discovered thus far is already plac-
ing stringent constraints on the formation channels of compact object binaries
(e.g. Abbott et al. 2016), as well as more fundamental predictions of general rel-
ativity in the strong field regime (e.g. Miller 2016 and references therein). We
are fortunate witnesses to the birth of a new field of research: GW astronomy.

⇤Columbia Astrophysics Laboratory, Columbia University, 538 W. 120th Street, New York,
NY 10027, USA
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1974 • Lattimer & Schramm: r-process from BH-NS mergers
1975 • Hulse & Taylor: discovery of binary pulsar system PSR 1913+16
1989 • Eichler et al.: GRBs, r-process from NS-NS mergers
1998 • Li & Paczynski: first kilonova model, with parametrized heating
1999 • Freiburghaus et al.: NS-NS dynamical ejecta ) r-process abundances
2005 • Kulkarni: kilonova powered by free neutron-decay (“macronova”)
2009 • Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 10)
2010 • Metzger et al., Roberts et al.: kilonova powered by r-process heating
2013 • Barnes & Kasen, Tanaka & Hotokezaka: La/Ac opacities ) NIR spectral peak
2013 • Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B
2013 • Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)
2014 • Metzger & Fernandez, Kasen et al.: blue kilonova from the disk winds

Figure 1: Timeline of major developments in kilonova research

Rasio (2012), Rosswog (2015), Berger (2014), Fan & Hendry (2015), Baiotti &
Rezzolla (2016), including another review dedicated exclusively to kilonovae by
Tanaka (2016). I encourage the reader to consult Fernández & Metzger (2015)
for a review of the broader range of EM counterparts of NS-NS/BH-NS mergers.

2 Historical Background

2.1 NS mergers as sources of the r-process

Burbidge et al. (1957) and Cameron (1957) realized that approximately half of
the elements heavier than iron are synthesized via the capture of neutrons onto
lighter seed nuclei (e.g., iron) in a dense neutron-rich environment in which the
timescale for neutron capture is shorter than the ��decay timescale. This ‘rapid
neutron-capture process’, or r-process, occurs along a nuclear path which resides
far on the neutron-rich side of the valley of stable isotopes. Despite these seminal
works occurring almost 70 years ago, the astrophysical environments giving rise
to the r-process remains an enduring mystery, among the greatest in nuclear
astrophysics (Qian & Wasserburg 2007, Arnould et al. 2007, Thielemann et al.
2011 for recent reviews).

Core collapse SNe have long been considered promising r-process sources.
This is in part due to their short delays following star formation, which allows
even the earliest generations of metal-poor stars in our Galaxy to be polluted
with r-process elements, as is observed (e.g. Mathews et al. 1992, Sneden et al.
2008). Throughout the 1990s, the high entropy4 neutrino-heated winds from
proto-neutron stars (Duncan et al. 1986; Qian & Woosley 1996), which emerge
on a timescale of seconds after a successful explosion, were considered the most

4A high entropy (low density) results in an ↵-rich freeze-out of the 3 and e↵ective 4-body
reactions responsible for forming seed nuclei in the wind, similar to big bang nucleosynthesis.
The resulting higher ratio of neutrons to seed nuclei (for fixed Ye) then allows the r-process
to proceed to heavier elements.

5



EM counterpart 3 (likely): 
Radio afterglow of kilonova (radio flare)

• Radio afterglow: 
synchrotron emission from 
shock when the kilonova 
ejecta is decelerated (Nakar 
& Piran, 2011; Piran et al. 2013; 
Hotokezaka & Piran 2015)  

• No candidate yet 
• Issue: 

• Long delay 
• Density n is likely small 

(kick)



NS-NS mergers: 
Three types of merger products

supra-massive NS



EM counterparts of NS-NS mergers  
the case of a BH engine: similar to BH-NS mergers

Metzger & Berger (2012)

• Jetted component (likely, but low 
probability): 
• Short GRB (sGRB) 
• sGRB afterglow (X-ray, UV/

optical/IR, radio) 

• Quasi-Isotropic component (likely, 
but faint): 
• Macronova/kilonova/

mergernova (optical/IR) - 
detected with sGRBs 

• kilonova afterglow (radio flare)



Supra-massive and stable NSs

supra-massive NS



Observational hints of a possible supra-massive / 
stable NS as the merger product (I)

• NS with mass > 2 M◉ has been discovered 

• NS-NS systems: total mass ~ 2.5-2.6 M◉

Lattimer & Prakash (2010)
Talks by Lattimer, Baldo, Freire …

removing the dispersive effects of the interstellar medium. These
observations have improved the signal-to-noise ratio (S/N)
because they benefit from the better pointing position derived
from the timing solution. The pulse profile is displayed in
Figure 1. The main pulse has a sharp feature that contributes
significantly to the good timing precision of this pulsar discussed
in Section 3.

The dedispersed pulse profiles obtained when averaging the
11-minute blocks of timing data produced by PUPPI are then
calibrated using the noise diode observations taken with
(almost) every single observation. The resulting calibrated
pulse profiles are then cross-correlated with the low-noise
template displayed in Figure 1 using the procedure described in
Taylor (1992) and implemented in the PSRCHIVE software
(Hotan et al. 2004; van Straten et al. 2012). This resulted in 868
usable topocentric pulse times of arrival (TOAs).

We then used TEMPO9 to correct the TOAs using the
Arecibo telescope’s clock corrections and to convert them to
the Solar System barycenter. To do this, the motion of the radio
telescope relative to the Earth was calculated using data from
the International Earth Rotation Service, and to the barycenter
using the DE421 solar system ephemeris.10 Finally, the
difference between the measured TOAs and those predicted
by a model of the spin and the orbit of the pulsar is minimized
by TEMPO, by varying the parameters in the model. The
parameters that best fit the data are presented in the first column
of Table 2. To model the orbit, we used the DDGR model
described by Damour & Deruelle (1985) and Damour &
Deruelle (1986), which assumes the validity of GR in the
description of the orbital motion of the system and uses as
parameters the total mass of the system M and the companion
mass Mc.

The residuals (TOAs minus model predictions) associated
with this DDGR model are displayed in Figure 2. There are
some short-term trends in the residuals that point toward
unmodeled systematics. For this reason, we added 2.5 μs (the
approximate amplitude of these systematics) in quadrature to
the TOA uncertainties, and in this way the reduced 2c is close
to 1.0 both for TOAs with large and small uncertainties. The
amplitude of the systematics is smaller for the data with
polarization calibration, which suggests imperfect polarization
calibration might be a cause of the systematics in the
uncalibrated data. The residual root mean square is 4 μs,
which represents a fraction of 8.7 × 10−5 of the spin period.

Table 1
Double Neutron Star Systems Known in the Galaxy

Pulsar Period Pb x e M Mp Mc References
(ms) (days) (lt-s) (Me) (Me) (Me)

J0737–3039A 22.699 0.102 1.415 0.0877775(9) 2.58708(16) 1.3381(7) 1.2489(7) (1)
J0737–3039B 2773.461 L 1.516 L L L L L
J1518+4904 40.935 8.634 20.044 0.24948451(3) 2.7183(7) L L (2)
B1534+12 37.904 0.421 3.729 0.27367740(4) 2.678463(4) 1.3330(2) 1.3454(2) (3)
J1753–2240 95.138 13.638 18.115 0.303582(10) L L L (4)
J1756–2251 28.462 0.320 2.756 0.1805694(2) 2.56999(6) 1.341(7) 1.230(7) (5)
J1811–1736 104.1 18.779 34.783 0.82802(2) 2.57(10) L L (6)
J1829+2456 41.009 1.760 7.236 0.13914(4) 2.59(2) L L (7)
J1906+0746a 144.073 0.166 1.420 0.0852996(6) 2.6134(3) 1.291(11) 1.322(11) (8)
B1913+16 59.031 0.323 2.342 0.6171334(5) 2.8284(1) 1.4398(2) 1.3886(2) (9)
J1930–1852 185.520 45.060 86.890 0.39886340(17) 2.59(4) L L (10)
J0453+1559 45.782 4.072 14.467 0.11251832(4) 2.734(3) 1.559(5) 1.174(4) This letter

Globular Cluster Systems

J1807–2500Ba 4.186 9.957 28.920 0.747033198(40) 2.57190(73) 1.3655(21) 1.2064(20) (12)
B2127+11C 30.529 0.335 2.518 0.681395(2) 2.71279(13) 1.358(10) 1.354(10) (13)

Note.
a There is some uncertainty on whether these systems are DNSs.
References. (1) Burgay et al. (2003) and Kramer et al. (2006), (2) Janssen et al. (2008), (3) Wolszczan (1991) and Fonseca et al. (2014), (4) Keith et al. (2009), (5)
Faulkner et al. (2005) and Ferdman et al. (2014), (6) Corongiu et al. (2007), (7) Champion et al. (2004, 2005), (8) Lorimer et al. 2006 and van Leeuwen et al. (2015),
(9) Hulse & Taylor (1975) and Weisberg et al. (2010), (10) Swiggum et al. (2015), (12) Lynch et al. (2012), (13) Anderson et al. (1989) and Jacoby et al. (2006).

Figure 1. Pulse profile for PSR J0453+1559 in the L band (1170–1730 MHz),
obtained by averaging the best detections of the pulsar. The black line indicates
the total intensity, the red line is the amplitude of linear polarization, and the
blue line is the amplitude of the circular polarization. In the top panel, we
depict the position angle of the linear polarization where a clear polarization
swing and a sudden jump between orthogonal modes is clearly visible.

9 http://tempo.sourceforge.net/
10 ftp://ssd.jpl.nasa.gov/pub/eph/planets/ioms/de421.iom.v1.pdf
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Observational hints of a possible supra-massive / 
stable NS as the merger product (I)

Figure by Norbert Wex. See http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html

Freire’s talk



Supra-massive and stable NSs/QSs

A. Li et al. (2016, PRD, 94, 083010, arXiv:1606.02934)

Example EoSs: 

NS: BSK20 
QS: CDDM1



Forming a supra-massive / stable 
neutron star via a NS-NS merger

Giacomazzo & Perna (2013)

For small enough NS 
masses and a reasonable NS 
equation of  state, a stable 
magnetar can survive a NS-
NS merger.



• Internal X-ray plateaus in some short GRB afterglows

Rowlinson et al. (2010) Rowlinson et al. (2013)

GRB 090515

Observational hints of a possible supra-massive / 
stable NS as the merger product (II)



Data

Theory
Top-down:  

Theory-driven approach

Bottom-up: 
Data-driven approach



GRB model: internal vs. external

       photosphere       internal (shock)              external shocks 
                                                                                     (reverse)      (forward)

GRB prompt emission
Afterglow

Central 
Engine

Progenitor



External vs. internal plateaus
• Plateaus in GRB X-ray afterglows 
• Internal: steep decay, chromatic, “internal” origin

Troja et al. (2007)Nousek et al. (2006)



Internal Plateau in short GRBs

Rowlinson et al. (2010) Rowlinson et al. (2013)

GRB 090515

• Require engine lasts for 100’s of seconds, then disappears 
• A supra-massive magnetar collapses into a BH at the end 

of plateau 
     (alternative view: Rezzolla & Kumar 2015; Ciolfi & Siegel 2015)



A multi-messenger approach to 
constrain NS/QS equation-of-state

Rowlinson et al. (2010)

GRB 090515

• GW signal: NS-NS system 
parameters (mass of the 
merger product) 

• EM signal: brightness of 
the X-ray emission, 
collapse time – infer initial 
period, magnetic field, 
ellipticity, etc. 

• Putting everything 
together: constrain NS/QS 
EoS! 



Without GW signal, one can already 
make some constraints

Constraints on binary neutron star merger product from short
GRB observations
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Binary neutron star (NS) mergers are strong gravitational-wave (GW) sources and the leading candidates
to interpret short-duration gamma-ray bursts (SGRBs). Under the assumptions that SGRBs are produced by
double neutron star mergers and that the x-ray plateau followed by a steep decay as observed in SGRB
x-ray light curvesmarks the collapse of a supramassive neutron star to a black hole (BH), we use the statistical
observational properties of Swift SGRBs and themass distribution of Galactic double neutron star systems to
place constraints on the neutron star equation of state (EoS) and the properties of the post-merger product.We
show that current observations already impose the following interesting constraints. (1) A neutron star EoS
with a maximum mass close to a parametrization of Mmax ¼ 2.37M⊙ð1þ 1.58 × 10−10P−2.84Þ is favored.
(2) The fractions for the several outcomes of NS-NS mergers are as follows: ∼40% prompt BHs, ∼30%
supramassive NSs that collapse to BHs in a range of delay time scales, and ∼30% stable NSs that never
collapse. (3) The initial spin of the newly born supramassive NSs should be near the breakup limit
(Pi ∼ 1 ms), which is consistent with the merger scenario. (4) The surface magnetic field of the merger
products is typically ∼1015 G. (5) The ellipticity of the supramassive NSs is ϵ ∼ ð0.004 − 0.007Þ, so that
strongGW radiation is released after themerger. (6) Even though the initial spin energy of themerger product
is similar, the final energy output of the merger product that goes into the electromagnetic channel varies in a
wide range from several 1049 to several 1052 erg, since a good fraction of the spin energy is either released in
the form of GWs or falls into the black hole as the supramassive NS collapses.

DOI: 10.1103/PhysRevD.93.044065

I. INTRODUCTION

Mergers of two neutron stars (i.e., NS-NS mergers) are
expected to be the primary source of gravitational waves
(GWs) [1] for upcoming ground-based interferometric
detectors, such as the Advanced LIGO, Advanced
VIRGO, and KAGRA interferometers [2]. It has been
proposed that NS-NS mergers could be associated with a
variety of electromagnetic (EM) counterparts, the detec-
tion of which would lead to direct confirmation of the
astrophysical origin of the GW signals. The brightness of
the EM counterparts depends on the details of the poorly
known merger physics, especially the neutron star equa-
tion of state (EoS), and the outcome of the post-merger
central remnant object [3–5].
Depending on the total mass of the NS-NS system and the

NS EoS, NS-NS mergers could result in four different types
of final products [6,7]: (1) immediate collapse into a black
hole (BH); (2) a temporal hypermassive NS (supported by
differential rotation) which survives 10–100 ms before

collapsing into a BH; (3) a supramassive NS temporarily
supported by rigid rotation, which collapses to a BH at a later
time after the NS spins down; and (4) a stable NS. In this
paper, we define the types (1) and (2) as “prompt” BHs. The
fractions for these outputs are currently not well constrained.
Short gamma-ray bursts (SGRBs) have long been pro-

posed to originate from mergers of compact object binaries
(NS-NS/BH mergers) [8]. Recent broadband observational
results—such as the mixed host galaxy types, the non-
detection of supernova associations, and the relatively large
offset of GRB locations in their host galaxies—lend support
to such a suggestion [9]. Thanks to Swift, the early x-ray
afterglows of a large sample of SGRBs have been observed,
which show rich features that demand extended engine
activities, including extended emission [10], x-ray flares
[11], and “internal x-ray plateaus” [12,13]. In particular, an
internal x-ray plateau is followed by a rapid decay which is
too steep to be explained within the external shock model.
It marks the abrupt cessation of the central engine, likely due
to the collapse of a supramassive NS into a BH [12,13].
In this work, we make the assumptions that SGRBs are

produced by NS-NS mergers, and that the internal plateaus*gaohe@bnu.edu.cn
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are produced by a post-merger supramassive NS, with
the end of plateau marking the collapse time of the NS to a
BH. We then use the available data (the observed fraction
of SGRBs with internal plateaus, the distributions of
the collapse time, and plateau luminosity) to constrain
NS EoSs and the properties of the merger product.
Surprisingly, the available data already place interesting
constraints on several parameters of the merger product.

II. GENERAL FORMALISM

We consider a NS-NS system, in which the rest masses
for the two NSs are Mrest;1 and Mrest;2, respectively. It is
generally believed that NS-NS mergers conserve the rest
mass, with ≲10−2M⊙ of materials ejected during the
merger [14], i.e., Mrest;s ≈Mrest;1 þMrest;2, where Mrest;s
is the rest mass of the nascent central merger remnant
(henceforth, the central star). If the central star is a NS, its
corresponding gravitational mass (Ms) could be approxi-
mated as Mrest;s ¼ Ms þ 0.075M2

s , where the masses are in
units of the solar mass M⊙ [15].
Since before the merger the two NSs are in the Keplerian

orbits, the central star should be rapidly spinning near the
breakup limit. The rapid rotation could enhance the
maximum gravitational mass (Mmax) allowed for surviving
NSs. For a given EoS, one may parametrize Mmax as a
function of the spin period of the central star [7],

Mmax ¼ MTOVð1þ αPβÞ; ð1Þ

where MTOV is the maximum NS mass for a nonrotating
NS, and α and β are functions ofMTOV, the star radius (R),
and the moment of inertia (I). Using the general-relativistic
NS equilibrium code RNS [16], the numerical values for
MTOV, R, I, and thus α and β for several EoSs have been
worked out [7]. In this work, we consider five EoSs derived
in Ref. [7], which have a range of the maximum masses:
EoS SLy [17] with MTOV ¼ 2.05M⊙, R ¼ 9.99 km,
I ¼ 1.91 × 1045 g cm−2, α ¼ 1.60 × 10−10 s−β and β ¼
−2.75; EoS APR [18] with MTOV ¼ 2.20M⊙, R ¼
10.0 km, I¼2.13×1045 gcm−2, α¼0.303×10−10 s−β and
β ¼ −2.95; EoS GM1 [19] with MTOV ¼ 2.37M⊙,
R ¼ 12.05 km, I¼3.33×1045 gcm−2, α¼1.58×10−10 s−β

and β ¼ −2.84; EoS AB-N [20] with MTOV ¼ 2.67M⊙,
R¼ 12.9 km, I¼ 4.3×1045 gcm−2, α ¼ 0.112 × 10−10 s−β

and β ¼ −3.22; and EoS AB-L [20] with MTOV ¼
2.71M⊙, R ¼ 13.7 km, I ¼ 4.7 × 1045 g cm−2, α ¼
2.92 × 10−10 s−β and β ¼ −2.82. We note that the simple
parametrization adopted in this paper following Ref. [7]
could not fully catch the complicated physics of a spin-
dependent NS structure for a certain EoS and the variety of
EoSs that are possible in nature. For example, in the
parametrization formula, onlyMmax is explicitly presented.
Another important parameter characterizing an EOS, i.e.,
the radius of the most massive NS, is not specified, even
though it would be implicitly represented by the α and β

parameters. Furthermore, there are many more EoSs
discussed in the literature, which are not tested in this
work. Our tests are relevant to the ensemble of EoSs that are
close to these five representative EoSs.
By equating Ms (the gravitational mass of the merger

remnant) andMmax (the maximum NS mass taking rotation
into account), one can define a critical period

Pc ¼
!
Ms −MTOV

αMTOV

"
1=β

: ð2Þ

IfMs is less thanMTOV, the central star would settle to a NS
that is uniformly rotating and eternally stable. On the
contrary, if Ms is greater than MTOV, the fate of the central
star depends on the comparison between Pc and the initial
spin period Pi of the central star. If Pi is larger than Pc,
rotation is not rapid enough and the central star would
promptly collapse to a BH. If, however, Pi is smaller than
Pc, the effect of rotation is enough to support a NS, so that a
long-lasting rigid-rotation-supported supramassive NS
would survive for an extended period of time, which would
collapse to a BH only when a good fraction of its rotational
energy is lost and the centrifugal support can no longer
support gravity.
For this last situation, the newborn supramassive NS

would be initially differentially rotating and entrained with
strong magnetic fields. Within a time scale of ∼0.1 − 1 s
[21], the combination of magnetic braking and viscosity
would drive the star to the uniform rotation phase, during
which we consider that the supramassive NS loses rotation
energy through both magnetic dipole radiation and GW
emission, so that the spin-down law can be written as [22]

_E ¼ IΩ _Ω ¼ −
32GI2ϵ2Ω6

5c5
−
B2
pR6Ω4

6c3
; ð3Þ

where Ω ¼ 2π=P is the angular frequency and _Ω is its time
derivative, Bp is the dipolar field strength at the magnetic
poles on the NS surface, R is the radius of the NS, and ϵ is
the ellipticity of the nascent NS. If we define a ¼ 32GIϵ2

5c5 ,

b ¼ B2
pR6

6c3I , and assume that a and b are approximately
constant during the spin down of the NS, Eq. (3) can be
solved analytically with the initial condition Ωi ¼ 2π=Pi

and _Ω ¼ _Ωi for T ¼ 0. The collapse time scale can be
written as

Tcol ¼
a
2b2

ln
#!

aΩ2
i þ b

aΩ2
col þ b

"
Ω2

col

Ω2
i

$
þΩ2

i −Ω2
col

2bΩ2
iΩ2

col
; ð4Þ

where Ωcol ¼ 2π=Pc. At this time, a total amount of energy
Erad ¼ 1=2IðΩ2

i −Ω2
colÞ has been released via both EM and

GW losses, with the remaining spin energy collapsing into
the BH. On average, the energy loss ratio between EM
and GW can be written as
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are produced by a post-merger supramassive NS, with
the end of plateau marking the collapse time of the NS to a
BH. We then use the available data (the observed fraction
of SGRBs with internal plateaus, the distributions of
the collapse time, and plateau luminosity) to constrain
NS EoSs and the properties of the merger product.
Surprisingly, the available data already place interesting
constraints on several parameters of the merger product.
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breakup limit. The rapid rotation could enhance the
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NSs. For a given EoS, one may parametrize Mmax as a
function of the spin period of the central star [7],
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where MTOV is the maximum NS mass for a nonrotating
NS, and α and β are functions ofMTOV, the star radius (R),
and the moment of inertia (I). Using the general-relativistic
NS equilibrium code RNS [16], the numerical values for
MTOV, R, I, and thus α and β for several EoSs have been
worked out [7]. In this work, we consider five EoSs derived
in Ref. [7], which have a range of the maximum masses:
EoS SLy [17] with MTOV ¼ 2.05M⊙, R ¼ 9.99 km,
I ¼ 1.91 × 1045 g cm−2, α ¼ 1.60 × 10−10 s−β and β ¼
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and β ¼ −3.22; and EoS AB-L [20] with MTOV ¼
2.71M⊙, R ¼ 13.7 km, I ¼ 4.7 × 1045 g cm−2, α ¼
2.92 × 10−10 s−β and β ¼ −2.82. We note that the simple
parametrization adopted in this paper following Ref. [7]
could not fully catch the complicated physics of a spin-
dependent NS structure for a certain EoS and the variety of
EoSs that are possible in nature. For example, in the
parametrization formula, onlyMmax is explicitly presented.
Another important parameter characterizing an EOS, i.e.,
the radius of the most massive NS, is not specified, even
though it would be implicitly represented by the α and β

parameters. Furthermore, there are many more EoSs
discussed in the literature, which are not tested in this
work. Our tests are relevant to the ensemble of EoSs that are
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contrary, if Ms is greater than MTOV, the fate of the central
star depends on the comparison between Pc and the initial
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promptly collapse to a BH. If, however, Pi is smaller than
Pc, the effect of rotation is enough to support a NS, so that a
long-lasting rigid-rotation-supported supramassive NS
would survive for an extended period of time, which would
collapse to a BH only when a good fraction of its rotational
energy is lost and the centrifugal support can no longer
support gravity.
For this last situation, the newborn supramassive NS

would be initially differentially rotating and entrained with
strong magnetic fields. Within a time scale of ∼0.1 − 1 s
[21], the combination of magnetic braking and viscosity
would drive the star to the uniform rotation phase, during
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are produced by a post-merger supramassive NS, with
the end of plateau marking the collapse time of the NS to a
BH. We then use the available data (the observed fraction
of SGRBs with internal plateaus, the distributions of
the collapse time, and plateau luminosity) to constrain
NS EoSs and the properties of the merger product.
Surprisingly, the available data already place interesting
constraints on several parameters of the merger product.
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mass, with ≲10−2M⊙ of materials ejected during the
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corresponding gravitational mass (Ms) could be approxi-
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discussed in the literature, which are not tested in this
work. Our tests are relevant to the ensemble of EoSs that are
close to these five representative EoSs.
By equating Ms (the gravitational mass of the merger

remnant) andMmax (the maximum NS mass taking rotation
into account), one can define a critical period

Pc ¼
!
Ms −MTOV

αMTOV

"
1=β

: ð2Þ

IfMs is less thanMTOV, the central star would settle to a NS
that is uniformly rotating and eternally stable. On the
contrary, if Ms is greater than MTOV, the fate of the central
star depends on the comparison between Pc and the initial
spin period Pi of the central star. If Pi is larger than Pc,
rotation is not rapid enough and the central star would
promptly collapse to a BH. If, however, Pi is smaller than
Pc, the effect of rotation is enough to support a NS, so that a
long-lasting rigid-rotation-supported supramassive NS
would survive for an extended period of time, which would
collapse to a BH only when a good fraction of its rotational
energy is lost and the centrifugal support can no longer
support gravity.
For this last situation, the newborn supramassive NS

would be initially differentially rotating and entrained with
strong magnetic fields. Within a time scale of ∼0.1 − 1 s
[21], the combination of magnetic braking and viscosity
would drive the star to the uniform rotation phase, during
which we consider that the supramassive NS loses rotation
energy through both magnetic dipole radiation and GW
emission, so that the spin-down law can be written as [22]

_E ¼ IΩ _Ω ¼ −
32GI2ϵ2Ω6

5c5
−
B2
pR6Ω4

6c3
; ð3Þ

where Ω ¼ 2π=P is the angular frequency and _Ω is its time
derivative, Bp is the dipolar field strength at the magnetic
poles on the NS surface, R is the radius of the NS, and ϵ is
the ellipticity of the nascent NS. If we define a ¼ 32GIϵ2

5c5 ,

b ¼ B2
pR6

6c3I , and assume that a and b are approximately
constant during the spin down of the NS, Eq. (3) can be
solved analytically with the initial condition Ωi ¼ 2π=Pi

and _Ω ¼ _Ωi for T ¼ 0. The collapse time scale can be
written as

Tcol ¼
a
2b2

ln
#!

aΩ2
i þ b

aΩ2
col þ b

"
Ω2

col

Ω2
i

$
þΩ2

i −Ω2
col

2bΩ2
iΩ2

col
; ð4Þ

where Ωcol ¼ 2π=Pc. At this time, a total amount of energy
Erad ¼ 1=2IðΩ2

i −Ω2
colÞ has been released via both EM and

GW losses, with the remaining spin energy collapsing into
the BH. On average, the energy loss ratio between EM
and GW can be written as
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Use a sample of sGRBs 

Look at the collapse fraction, 
collapse time distribution, 
plateau luminosity distribution

_EEM

_EGW
¼

RΩcol
Ωi

ðbΩ4Þ=ðaΩ6ÞdΩ
RΩcol
Ωi

dΩ
¼ b

aΩiΩcol
: ð5Þ

Even though the spin-down solution ΩðTÞ includes both
EM and GW losses, the observable total energy is in the
EM channel, which can be estimated as

EEM;total ≃ IbðΩ2
i −Ω2

colÞ
2ðaΩiΩcol þ bÞ

: ð6Þ

At the collapse time of the supramassive NS, the
total luminosity in the EM channel is LðTcolÞ ¼
½B2

pR6Ω4
col&=ð6c3Þ. The luminosity of the internal plateau

emission can be estimated as

Lb ¼
ηB2

pR6Ω4
col

6c3
; ð7Þ

where η is the efficiency of converting the dipole spin-down
luminosity to the observed x-ray luminosity.

III. OBSERVATIONAL CONSTRAINTS

We analyze 96 SGRBs observed with Swift between
January 2005 and October 2015. The details of the data
analysis method can be found in several previous papers
[13,23]. Basically, we extrapolate the BAT (15–150 keV)
data to the XRT band (0.3–10 keV) by assuming a single
power-law spectrum [24], and then perform a temporal fit to
the combined light curvewith a smooth broken power law in
the rest frame to identify a possible plateau (defined as a
temporal segment with a decay slope smaller than 0.5). In
particular, we collect those bursts that exhibit a plateau
followed by a decay index steeper than 3 as our “internal
plateau” sample. The reason is that the steepest decay slope
for the external shock model is 2þ β̂ (β̂ is the spectral index
of flux density) due to the high-latitude “curvature effect”
emission from the relativistic jet [25]. A decay slope steeper
than this value must then suggest an internal dissipation
origin. Furthermore, since a t−2 decay is expected by the
magnetar dipole spin-down model [22], a decay slope much
steeper than this would suggest a sudden cessation of energy
injection, which is very likely due to the collapse of the
supramassive NS. We find 21 candidates for supramassive
NSs, which comprises 22% of the entire SGRB sample. This
fraction should be regarded as a lower limit for the supra-
massive NS formation fraction from NS-NS mergers, since
(1) some of the SGRBs may be from NSþ BH mergers, and
(2) some supramassiveNSsmay bemissed fromour selection
if their collapse time is too late when the external shock
emission becomes dominant [13].
Our first constraint comes from this fraction. We assume

that the cosmological NS-NS merger systems have the
same mass distribution as the observed Galactic NS-NS
population. Adopting a rest mass distribution of the merger

product based on the Galactic population and applying the
formalism discussed above, we can calculate the supra-
massive NS formation fraction as a function of the initial
period Pi for different EoSs. Figure 1 shows the curves for
different EoSs, and only the GM1 EoS with Pi ≲ 1.2 ms
could reproduce the observed fraction. Under EoSs SLy
and APR, most cases would immediately collapse into a
BH, whereas EoSs AB-N and AB-L would produce too
many stable NSs. For EoS GM1, Pi could not be much
larger than 1.2 ms. Otherwise only a limited sample with
Ms very close toMTOV could form a supramassive NS. Our
conclusion of favoring GM1 statistically is consistent with
previous work [7,13], which was based on case studies of
individual SGRBs.
The minimum 22% fraction of the supramassive NS

population not only constrains the EoS, but also constrains
the initial period Pi of the merger product at birth. The fact
that it has to be shorter than 1.2 ms is well consistent with
the merger scenario, since the two pre-merger NSs are
expected to be in Keplerian orbits. Assuming Pi ∼ 1 ms
(near the breakup limit), and with the GM1 EoS, we predict
that the fractional distribution of the merger products is
∼40% prompt BHs, ∼30% supramassive NSs, and ∼30%
stable NSs. Considering that the initial spin period may
have a (narrow) distribution instead of a fixed value, these
numbers would vary within a certain range, but the overall
proportions should be close to our presented values,
provided that the initial spin of the newly born supra-
massive NS is near the breakup limit.
Next, we focus on the supramassive NS population (the

internal plateau sample) and use three observed properties—
i.e., the break time tb between the plateau and the steep
decay which marks the collapse time of the supramassive
NS, the break time luminosity Lb, and the total observed
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FIG. 1. Supramassive NS formation fraction as a function of
initial period for different EOSs. The distribution of NS masses
are generated following the observationally derived distribution
of Galactic NS-NS systems, i.e., MBNS has a normal distribution
NðμBNS ¼ 1.32M⊙; σBNS ¼ 0.11Þ, with a mean μBNS and a
standard deviation σBNS [26].
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Even though the spin-down solution ΩðTÞ includes both
EM and GW losses, the observable total energy is in the
EM channel, which can be estimated as
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At the collapse time of the supramassive NS, the
total luminosity in the EM channel is LðTcolÞ ¼
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emission can be estimated as
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where η is the efficiency of converting the dipole spin-down
luminosity to the observed x-ray luminosity.

III. OBSERVATIONAL CONSTRAINTS

We analyze 96 SGRBs observed with Swift between
January 2005 and October 2015. The details of the data
analysis method can be found in several previous papers
[13,23]. Basically, we extrapolate the BAT (15–150 keV)
data to the XRT band (0.3–10 keV) by assuming a single
power-law spectrum [24], and then perform a temporal fit to
the combined light curvewith a smooth broken power law in
the rest frame to identify a possible plateau (defined as a
temporal segment with a decay slope smaller than 0.5). In
particular, we collect those bursts that exhibit a plateau
followed by a decay index steeper than 3 as our “internal
plateau” sample. The reason is that the steepest decay slope
for the external shock model is 2þ β̂ (β̂ is the spectral index
of flux density) due to the high-latitude “curvature effect”
emission from the relativistic jet [25]. A decay slope steeper
than this value must then suggest an internal dissipation
origin. Furthermore, since a t−2 decay is expected by the
magnetar dipole spin-down model [22], a decay slope much
steeper than this would suggest a sudden cessation of energy
injection, which is very likely due to the collapse of the
supramassive NS. We find 21 candidates for supramassive
NSs, which comprises 22% of the entire SGRB sample. This
fraction should be regarded as a lower limit for the supra-
massive NS formation fraction from NS-NS mergers, since
(1) some of the SGRBs may be from NSþ BH mergers, and
(2) some supramassiveNSsmay bemissed fromour selection
if their collapse time is too late when the external shock
emission becomes dominant [13].
Our first constraint comes from this fraction. We assume

that the cosmological NS-NS merger systems have the
same mass distribution as the observed Galactic NS-NS
population. Adopting a rest mass distribution of the merger

product based on the Galactic population and applying the
formalism discussed above, we can calculate the supra-
massive NS formation fraction as a function of the initial
period Pi for different EoSs. Figure 1 shows the curves for
different EoSs, and only the GM1 EoS with Pi ≲ 1.2 ms
could reproduce the observed fraction. Under EoSs SLy
and APR, most cases would immediately collapse into a
BH, whereas EoSs AB-N and AB-L would produce too
many stable NSs. For EoS GM1, Pi could not be much
larger than 1.2 ms. Otherwise only a limited sample with
Ms very close toMTOV could form a supramassive NS. Our
conclusion of favoring GM1 statistically is consistent with
previous work [7,13], which was based on case studies of
individual SGRBs.
The minimum 22% fraction of the supramassive NS

population not only constrains the EoS, but also constrains
the initial period Pi of the merger product at birth. The fact
that it has to be shorter than 1.2 ms is well consistent with
the merger scenario, since the two pre-merger NSs are
expected to be in Keplerian orbits. Assuming Pi ∼ 1 ms
(near the breakup limit), and with the GM1 EoS, we predict
that the fractional distribution of the merger products is
∼40% prompt BHs, ∼30% supramassive NSs, and ∼30%
stable NSs. Considering that the initial spin period may
have a (narrow) distribution instead of a fixed value, these
numbers would vary within a certain range, but the overall
proportions should be close to our presented values,
provided that the initial spin of the newly born supra-
massive NS is near the breakup limit.
Next, we focus on the supramassive NS population (the

internal plateau sample) and use three observed properties—
i.e., the break time tb between the plateau and the steep
decay which marks the collapse time of the supramassive
NS, the break time luminosity Lb, and the total observed
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FIG. 1. Supramassive NS formation fraction as a function of
initial period for different EOSs. The distribution of NS masses
are generated following the observationally derived distribution
of Galactic NS-NS systems, i.e., MBNS has a normal distribution
NðμBNS ¼ 1.32M⊙; σBNS ¼ 0.11Þ, with a mean μBNS and a
standard deviation σBNS [26].
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Constraints on NS-NS merger products 
from known short GRBs

• For one EoS (GM1) 
• Maximum mass: ~ 2.37 M◉ 

• Initial spin: ~ 1 ms 
• BH:SMNS:SNS ~ 4:3:3 
• Surface B field: ~1015 G 
• ellipticity: 0.004-0.007 
• Energy output in the EM 

channel: 1049 – 1052 erg 
• Other energy channels: 

– GW emission 
– Fall into BH

Gao, Zhang & Lu, 2016, PRD, 93, 044065



More Equations of State

2

TABLE I: NS/QS EoSs investigated in this study. Here PK, IK,max are the Keplerian spin limit and the corresponding maximum moment of
inertia, respectively; MTOV, Req are the static gravitational maximum mass by integrating the Tolman-Oppenheimer-Volkoff (TOV) equations
and the corresponding equatorial radius, respectively; α,β are the fitting parameters for Mmax in Eq. (1); A,B,C are the fitting parameters for
Req in Eq. (2); a,q,k are the fitting parameters for Imax in Eq. (3).

PK IK,max MTOV Req α β A B C a q k
EoS (ms) (1045g cm2) (M⊙) (km) (P−β ) (P−B) (km) (ms) (P−1)
BCPM 0.5584 2.857 1.98 9.941 0.03859 -2.651 0.7172 -2.674 9.910 0.4509 0.3877 7.334

NS BSk20 0.5391 3.503 2.17 10.17 0.03587 -2.675 0.6347 -2.638 10.18 0.4714 0.4062 6.929
BSk21 0.6021 4.368 2.28 11.08 0.04868 -2.746 0.9429 -2.696 11.03 0.4838 0.3500 7.085
Shen 0.7143 4.675 2.18 12.40 0.07657 -2.738 1.393 -3.431 12.47 0.4102 0.5725 8.644
CIDDM 0.8326 8.645 2.09 12.43 0.16146 -4.932 2.583 -5.223 12.75 0.4433 0.8079 80.76

QS CDDM1 0.9960 11.67 2.21 13.99 0.39154 -4.999 7.920 -5.322 14.32 0.4253 0.9608 57.94
CDDM2 1.1249 16.34 2.45 15.76 0.74477 -5.175 17.27 -5.479 16.13 0.4205 1.087 55.14

FIG. 1: (Color online) Gravitational mass M vs. central energy den-
sity ρc (panel a) and radius (panel b), for six cases of frequency:
f / fK = 0, 0.4, 0.6, 0.7, 0.8, 1. Solid lines with arrows denote se-
quences of constant baryon mass. The NS (QS) results are obtained
using the BSk20 (CDDM1) EoS.

magnetic fields [20].
Above all, it is possible to test the proposed post-merger

supramassive NS/QS SGRB central engine model with un-
precedented accuracy. In this paper, we perform such calcula-
tions of rotating NSs and QSs up to their mass-shedding (Ke-
plerian) frequency, by solving exactly the widely-tested rns
code [21], and confronting these EoSs with the SGRB data.

II. NS EOS MODEL

The employed unified NS EoSs (BCPM[11], BSk20,
BSk21[12], Shen[13]) are derived from various many-body
framework and cover approximately the full range of high-
density models regarding their stellar properties (collected in
the first four rows of Table I). All unified NS EoSs can de-

scribe consistently the overall NS structure, which has been
quite a challenge due to the difficulties in incorporating addi-
tional interactions of the crustal inhomogeneous phase based
on nuclear many-body calculations of the core homogeneous
matter.
The BCPM EoS, named after Barcelona-Catania-Paris-

Madrid, is based on one of the most advanced microscopic
approaches, the Brueckner-Hartree-Fock (BHF) theory [22].
The BSk20 and BSk21 EoSs belong to the BSk family of
Skyrme nuclear effective forces derived by the Brussels-
Montreal group [12]. The high-density part of the two are
adjusted to the results of the variational method and the BHF
calculations, respectively. The widely-used Shen EoS [13] is
based on a phenomenological nuclear relativistic mean field
model with TM1 parameter set.

III. QS EOS MODEL

The possible existence of QSs [15] originates from a hy-
pothesis back in early 70’s [23], namely strange quark matter
could be the absolute ground state of matter at zero pressure
and temperature. It has intrigued extensive discussions from
its detailed phase structures [24] and its relevances to various
high-energy transient astronomy, such as GRBs [16], X-ray
bursters [25], super-luminous supernovae [26], and radio pul-
sars [27].
Although a first-principle calculation in such systems is

unachievable due to the complicated nonlinear and non-
perturbative nature of quantum chromodynamics (QCD; see
[28] for recent progress in perturbative QCD and powerful
modeling of QCD in the perturbative and non-perturbative
domain using Dyson-Schwinger equations), a comprehensive
set of proposed quark-matter EoS [29, 30] has been proposed
lately with the basic QCD spirits built in. In the recent version
of the confined-density-dependent-mass (CDDM) model [29],
the quark confinement is achieved by the density dependence
of the quark masses derived from in-medium chiral conden-
sates, and leading-order perturbative interactions have been
included. Such terms become dominant at high densities and
can lead to absolutely stable strange quark matter and a mas-
sive QS made of such matter as heavy as 2 solar mass [19].

4

TABLE II: Simulated parameter ranges for supramassive NS/QS properties from the Swift internal plateaus sample with EoS models (except
BCPM) from Table I. Here ε , Pi, Bp, η are the ellipticity, the initial spin period, the surface dipole magnetic field, and the radiation efficiency,
respectively. Data in brackets are those with the best KS tests. Pbest(tb) in the last column is the best P value only for the tb distribution.

EoS ε Pi (ms) Bp (G) η Pbest (tb)
BSk20 0.002 0.70−0.75 (0.75)N(µBp = 1014.8−15.4,σBp ≤ 0.2) [N(µBp = 1014.9,σBp = 0.2)] 0.5−1 (0.9) 0.20
BSk21 0.002 0.60−0.80 (0.70)N(µBp = 1014.7−15.1,σBp ≤ 0.2) [N(µBp = 1015.0,σBp = 0.2)] 0.7−1 (0.9) 0.29
Shen 0.002−0.003 (0.002) 0.70−0.90 (0.70)N(µBp = 1014.6−15.0,σBp ≤ 0.2) [N(µBp = 1014.6,σBp = 0.2)] 0.5−1 (0.9) 0.41
CIDDM 0.001 0.95−1.05 (0.95)N(µBp = 1014.8−15.4,σBp ≤ 0.2) [N(µBp = 1015.0,σBp = 0.2)] 0.5−1(0.5) 0.44
CDDM10.002−0.003 (0.003) 1.00−1.40 (1.0) N(µBp = 1014.7−15.1,σBp ≤ 0.3) [N(µBp = 1014.7,σBp = 0.2)] 0.5−1(1) 0.65
CDDM20.004−0.007 (0.005) 1.10−1.70 (1.3) N(µBp = 1014.8−15.3,σBp ≤ 0.4) [N(µBp = 1014.9,σBp = 0.4)] 0.5−1(1) 0.84

chosen NS/QS EoSs could reproduce such a faction in NS-
NS merger products. Such a test is possible if one assumes
that the cosmological NS-NS merger systems have the same
mass distribution as the Galactic NS-NS binary systems. A
distribution ofM = 2.46+0.13

−0.15M⊙ was worked out [10] for the
gravitational mass of the post-merger supramassive stars.
We theoretically calculate, for any given initial spin period

Pi ≤ PK, the upper bound Msup for the mass of the supramas-
sive NS/QS, by solving [(Msup −MTOV)/(αMTOV)]1/β = Pi
deduced in the last section. Setting the lower bound as the
nonrotating maximummassMTOV, we can finally evaluate the
supramassive NS/QS fraction based on the M = 2.46+0.13

−0.15M⊙

mass distribution [10]. This is done for all employed NS/QS
EoSs. The results are shown in Fig. 3. One can see that all
except the BCPM NS EoS can reproduce the 22% fraction
constraint (with slightly different required Pi). In the follow-
ing we omit the BCPM EoS.

VI. COLLAPSE TIME SIMULATION OF SUPRAMAS-
SIVE NSS/QSS

Previously, when confronting Swift observations of the in-
ternal plateaus sample with several matched NS EoSs [10],
Ravi & Lasky [9] and Gao et al. [7] found that although the
star parameters can be reasonably constrained, the predicted
break time tb of NSs is always too wide compared with the
data. In this section, we apply our previous Monte Carlo sim-
ulations [7] to the new EoSs for both NSs and QSs studied in
this paper. The results are shown in Fig. 4 and Table II.
By requiring that the P values of the Kolmogorov-Smirnov

(KS) tests of all three distributions (tb, Lb, Etotal) are larger
than 0.05 as the criteria for reproducing the observations, we
list the constrained ranges for the NSs’(QSs’) parameters: an
ellipticity ε as low as 0.002 (0.001), an initial spin period Pi
commonly close to the Keplerian limit PK, a surface dipole
magnetic field of Bp∼ 1015 G, and an efficiency of η = 0.5−1
related to the conversion of the dipole spin-down luminosity
to the observed X-ray luminosity. The results with the best P
values for the KS tests are listed in brackets. In the last col-
umn we show Pbest(tb), the best values only for the tb distribu-
tion. It is clear that the KS test for the tb distribution is indeed
improved from Ref. [7]. In particular, as one can see from
Fig. 4, the tb distributions in the QS scenarios are more con-
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FIG. 4: (Color online) Simulated collapse time distributions with
three unified NS EoSs and three QS EoSs, as compared with the
observed one (dashed curve).

centrated, which provide a better agreement with the observed
ones. The required Pi for QSs is also larger (longer than 1 ms),
which is consistent with the recent numerical simulations of
NS-NS mergers that show significant GW is released during
the merger phase [32]. Also, a slightly lower and more reason-
able magnetic-field-induced ellipticity obtained for QSs are
justified by that QSs are more susceptible to magnetic field
deformations than NSs [33]. We therefore argue that a supra-
massive QS is favored than a supramassive NS to serve as the
central engine of SGRBs with internal plateaus [34].

VII. SUMMARY

To recap, we have carried out the following investiga-
tions: 1) Selecting unified NS EoSs that satisfy up-to-date
experimental constraints from both nuclear physics and as-
trophysics, based on modern nuclear many-body theories;
2) Finding typical parameter sets for QS EoSs in developed
CDDM model, under same constraints of the NS case for
high-density part; 3) Accurately solving the fast-rotating con-
figurations of both NSs and QSs, and providing convenient an-
alytical parameterizations of the results; 4) Checking whether
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Internal X-ray plateau in short GRBs: Signature of supramassive fast-rotating quark stars?
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A supramassive, strongly-magnetized millisecond neutron star (NS) has been proposed to be the candidate
central engine of at least some short gamma-ray bursts (SGRBs), based on the “internal plateau” commonly
observed in the early X-ray afterglow. While a previous analysis shows a qualitative consistency between this
suggestion and the Swift SGRB data, the distribution of observed break time tb is much narrower than the dis-
tribution of the collapse time of supramassive NSs for the several NS equations-of-states (EoSs) investigated.
In this paper, we study four recently-constructed “unified” NS EoSs (BCPM, BSk20, BSk21, Shen), as well
as three developed strange quark star (QS) EoSs within the new confinement density-dependent mass (CDDM)
model, labelled as CIDDM, CDDM1, CDDM2. All the EoSs chosen here satisfy the recent observational con-
straints of the two massive pulsars whose masses are precisely measured. We construct sequences of rigidly
rotating NS/QS configurations with increasing spinning frequency f , from non-rotating ( f = 0) to the Keplerian
frequency ( f = fK), and provide convenient analytical parametrizations of the results. Assuming that the cosmo-
logical NS-NS merger systems have the same mass distribution as the Galactic NS-NS systems, we demonstrate
that all except the BCPM NS EoS can reproduce the current 22% supramassive NS/QS fraction constraint as
derived from the SGRB data. We simultaneously simulate the observed quantities (the break time tb, the break
time luminosity Lb and the total energy in the electromagnetic channel Etotal) of SGRBs, and find that while
equally well reproducing other observational constraints, QS EoSs predict a much narrower tb distribution than
that of the NS EoSs, better matching the data. We therefore suggest that the post-merger product of NS-NS
mergers might be fast-rotating supramassive QSs rather than NSs.

PACS numbers: 98.70.Rz, 26.60.Kp, 97.60.Jd, 21.65.Qr

I. INTRODUCTION

Short gamma-ray bursts (SGRBs) are generally believed to
originate from the mergers of two neutron stars (NS-NS) [1]
or one NS and one black hole (NS-BH) [2]. The nature of their
central engine however remains unknown. Recent Swift obser-
vations showed extended central engine activities in the early
X-ray afterglow phase [3], in particular the so-called “inter-
nal plateau”, characteristic by a nearly flat light curve plateau
extending to ∼ 300 seconds followed by a rapid t−(8∼9) de-
cay [4, 5]. Since it is very difficult for a BH engine to
power such a plateau, one attractive interpretation is that NS-
NS mergers produce a rapidly-spinning, supramassive NS [6],
with the rapid decay phase signify the epoch when the star col-
lapses to a BH after it spins down due to dipole radiation or
gravitational wave (GW) radiation [7–9]. Whether the current
NS modelling could reproduce reasonably all three observed
quantities [the break time tb (or the collapse time), the break
time luminosity Lb and the total energy in the electromagnetic
channel Etotal] is crucially related to the underlying equation
of state (EoS) of dense nuclear matter.

Previous studies showed that some EoS could qualita-
tively satisfy the observational constraints for individual

∗liang@xmu.edu.cn
†zhang@physics.unlv.edu

SGRBs [10] and large samples [4, 7]. This justifies and also
demands further studies on constraining nuclear matter EoSs
from SGRB data. Especially, the recent developments of
many-body methods in nuclear physics have enabled a uni-
fied treatment [11–13] of all parts of the NS (the outer crust,
the inner crust and the core). All the NS EoSs applied so far in
the SGRB studies [10], however, have been obtained by comb-
ing two or three EoSs that handle different density regions of
the star, respectively. The matching details at the crust-core
interface introduce uncertainties on model calculations [14].
Therefore, it is essential to use unified NS EoSs to properly
address the NS central engine problem of SGRB.

On the other hand, the possibility of a bare quark star (QS;
made entirely of de-confined u,d,s quark matter) [15] to serve
as a the central engine of GRBs has also been discussed by
various authors in the past [16]. A recent analysis [17] also
suggests that the conversion of NSs to QSs is crucial for
both SGRBs and long GRBs in the two-families scenario of
compact stars, since the well known demanding hyperon puz-
zle [18] might be a challenge for the existence of massive NSs
as heavy as the recent two precisely-measured 2-solar-mass
pulsars [19]. We therefore include in the present study the in-
triguing possibility of a QS engine. In particular, it would be
interesting to see whether the observed narrow tb distribution
may be accounted for developed QS EoSs, since NS models
could not [7, 9]. Also, a relatively large ellipticity distribution
obtained for NSs [7] is worth further investigation, although
it might be explained by the distorting of the inferred strong

2016, PRD, 94, 083010, arXiv:1606.02934)

Degeneracy with EM data only, with GW, can greatly narrow down
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TABLE II: Simulated parameter ranges for supramassive NS/QS properties from the Swift internal plateaus sample with EoS models (except
BCPM) from Table I. Here ε , Pi, Bp, η are the ellipticity, the initial spin period, the surface dipole magnetic field, and the radiation efficiency,
respectively. Data in brackets are those with the best KS tests. Pbest(tb) in the last column is the best P value only for the tb distribution.

EoS ε Pi (ms) Bp (G) η Pbest (tb)
BSk20 0.002 0.70−0.75 (0.75)N(µBp = 1014.8−15.4,σBp ≤ 0.2) [N(µBp = 1014.9,σBp = 0.2)] 0.5−1 (0.9) 0.20
BSk21 0.002 0.60−0.80 (0.70)N(µBp = 1014.7−15.1,σBp ≤ 0.2) [N(µBp = 1015.0,σBp = 0.2)] 0.7−1 (0.9) 0.29
Shen 0.002−0.003 (0.002) 0.70−0.90 (0.70)N(µBp = 1014.6−15.0,σBp ≤ 0.2) [N(µBp = 1014.6,σBp = 0.2)] 0.5−1 (0.9) 0.41
CIDDM 0.001 0.95−1.05 (0.95)N(µBp = 1014.8−15.4,σBp ≤ 0.2) [N(µBp = 1015.0,σBp = 0.2)] 0.5−1(0.5) 0.44
CDDM10.002−0.003 (0.003) 1.00−1.40 (1.0) N(µBp = 1014.7−15.1,σBp ≤ 0.3) [N(µBp = 1014.7,σBp = 0.2)] 0.5−1(1) 0.65
CDDM20.004−0.007 (0.005) 1.10−1.70 (1.3) N(µBp = 1014.8−15.3,σBp ≤ 0.4) [N(µBp = 1014.9,σBp = 0.4)] 0.5−1(1) 0.84

chosen NS/QS EoSs could reproduce such a faction in NS-
NS merger products. Such a test is possible if one assumes
that the cosmological NS-NS merger systems have the same
mass distribution as the Galactic NS-NS binary systems. A
distribution ofM = 2.46+0.13

−0.15M⊙ was worked out [10] for the
gravitational mass of the post-merger supramassive stars.
We theoretically calculate, for any given initial spin period

Pi ≤ PK, the upper bound Msup for the mass of the supramas-
sive NS/QS, by solving [(Msup −MTOV)/(αMTOV)]1/β = Pi
deduced in the last section. Setting the lower bound as the
nonrotating maximummassMTOV, we can finally evaluate the
supramassive NS/QS fraction based on the M = 2.46+0.13

−0.15M⊙

mass distribution [10]. This is done for all employed NS/QS
EoSs. The results are shown in Fig. 3. One can see that all
except the BCPM NS EoS can reproduce the 22% fraction
constraint (with slightly different required Pi). In the follow-
ing we omit the BCPM EoS.

VI. COLLAPSE TIME SIMULATION OF SUPRAMAS-
SIVE NSS/QSS

Previously, when confronting Swift observations of the in-
ternal plateaus sample with several matched NS EoSs [10],
Ravi & Lasky [9] and Gao et al. [7] found that although the
star parameters can be reasonably constrained, the predicted
break time tb of NSs is always too wide compared with the
data. In this section, we apply our previous Monte Carlo sim-
ulations [7] to the new EoSs for both NSs and QSs studied in
this paper. The results are shown in Fig. 4 and Table II.
By requiring that the P values of the Kolmogorov-Smirnov

(KS) tests of all three distributions (tb, Lb, Etotal) are larger
than 0.05 as the criteria for reproducing the observations, we
list the constrained ranges for the NSs’(QSs’) parameters: an
ellipticity ε as low as 0.002 (0.001), an initial spin period Pi
commonly close to the Keplerian limit PK, a surface dipole
magnetic field of Bp∼ 1015 G, and an efficiency of η = 0.5−1
related to the conversion of the dipole spin-down luminosity
to the observed X-ray luminosity. The results with the best P
values for the KS tests are listed in brackets. In the last col-
umn we show Pbest(tb), the best values only for the tb distribu-
tion. It is clear that the KS test for the tb distribution is indeed
improved from Ref. [7]. In particular, as one can see from
Fig. 4, the tb distributions in the QS scenarios are more con-
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FIG. 4: (Color online) Simulated collapse time distributions with
three unified NS EoSs and three QS EoSs, as compared with the
observed one (dashed curve).

centrated, which provide a better agreement with the observed
ones. The required Pi for QSs is also larger (longer than 1 ms),
which is consistent with the recent numerical simulations of
NS-NS mergers that show significant GW is released during
the merger phase [32]. Also, a slightly lower and more reason-
able magnetic-field-induced ellipticity obtained for QSs are
justified by that QSs are more susceptible to magnetic field
deformations than NSs [33]. We therefore argue that a supra-
massive QS is favored than a supramassive NS to serve as the
central engine of SGRBs with internal plateaus [34].

VII. SUMMARY

To recap, we have carried out the following investiga-
tions: 1) Selecting unified NS EoSs that satisfy up-to-date
experimental constraints from both nuclear physics and as-
trophysics, based on modern nuclear many-body theories;
2) Finding typical parameter sets for QS EoSs in developed
CDDM model, under same constraints of the NS case for
high-density part; 3) Accurately solving the fast-rotating con-
figurations of both NSs and QSs, and providing convenient an-
alytical parameterizations of the results; 4) Checking whether

3

FIG. 2: (Color online) Maximum gravitational mass Mmax (panel
a) and maximum moment of inertia Imax (panel b) as a function of
the spin frequency, for three cases of QS EoSs (CIDDM, CDDM1,
CDDM2) and four cases of unified NS EoSs (BCPM, BSk20, BSk21,
Shen). Previous calculations using the APR NS EoS model [10] and
the MIT QS EoS model [31] are also shown for comparison.

In the present calculation, we employ three typical cases of
the CDDM QS EoSs [29] (labelled as CIDDM, CDDM1,
CDDM2) instead of the simple MIT model [31]. The corre-
sponding static QS properties are shown in the last three rows
of Table I. We mention here that the MIT QS EoS model [31]
allows a more compact QS with Req ∼ 11.5 km.

IV. ROTATING NS/QS CONFIGURATIONS

For a given EoS, the rns code presents uniformly rotating,
axisymmetric configurations of a NS/QS. We show them in
Fig. 1 for two representative EoSs (BSk20 for NS in red and
CDDM1 for QS in black) from the nonrotating cases ( f = 0)
to the Keplerian frequency case ( f = fK).
We can see that rotation increases the mass that a star of

given central density can support. As a consequence, the static
configuration with the baryon mass Mb >Mstat

b,max do not exist
(in the two EoSs models shown in Fig. 1, Mstat

b,max ∼ 2.6M⊙).
Such sequences are so-called supramassive stars which exist
only by virtue of rotation. Those are the ones we are interested
in as their spindown-induced collapse to BHs (orange curves
in Fig. 1b) would manifest themselves as the rapid decay in
X-ray luminosity at the end of plateau. The star sequences of
Mb ≤Mstat

b,max (blue and green curves in Fig. 1b) instead would
evolve to its static configurationswith the same baryonmasses
as they spin down. Rotation also increases both the equatorial
radius and certainly the moment of inertia.
In Fig. 2 the maximum mass and the maximum moment

of inertia are shown as a function of the spin frequency for
both NS and QS EoSs. Previous calculations using the APR
NS EoS model [10] and the MIT QS EoS model [31] are also

FIG. 3: (Color online) Theoretical estimations of the supramassive
star fraction based on four cases of unified NS EoSs and three cases
of QS EoSs, as compared with the observed 22% constrain. Previous
calculations [7] using the APR NS EoS model are also shown for
comparison.

shown for comparison. All QS EoS models have similar be-
haviors but are quite different with various NS EoS models.
The Mmax values for the chosen NS (QS) EoSs are roughly
18− 20% (∼ 40%) higher than the nonrotating maximum
mass MTOV. The corresponding increase in Req is 31− 36%
(57− 60%). Evidently, the increases of (Mmax,Req, Imax) are
more pronounced with the QS EoSs than those with the NS
ones. We shall soon see that this leads to one main conclusion
of the present study that a QS central engine model is more
preferred than a NS one.
For later use we find that the calculations ofMmax,Req, Imax

can be fitted well as a function of the spin period (P) (in mil-
lisecond) as follows:

Mmax
M⊙

=
MTOV
M⊙

[

1+α
(

P
ms

)β
]

; (1)

Req
km

=C+A
(

P
ms

)B
; (2)

Imax
1045g cm2 =

Mmax
M⊙

(

Req
km

)2 a

1+ e−k (
P
ms−q)

, (3)

where the parameters (α,β ,A,B,C,a,q,k) are collected in the
last eight columns of Table I.

V. SUPRAMASSIVE NS/QS FRACTION

A previous study [4] has identified 21 candidates for supra-
massive stars (i.e., those bursts with internal plateaus) in 96
SGRBs detected by Swift up to October 2015. Therefore the
current fraction is ∼ 22%. Before comparing our results with
detailed SGRB observations, it is necessary to first check if the

Also Drago et al. 2016, PRD



EM counterparts of NS-NS mergers 
(forming a stable or supra-massive NS)

Gao et al. (2013)

• Jetted component (likely, still low probability): 
• Short GRB (sGRB) 
• sGRB afterglow (X-ray, UV/optical/IR, 

radio) 

• Quasi-Isotropic component: 
• Macronova/kilonova/mergernova 

(optical/IR): enhanced 
• mergernova afterglow: enhanced 
• sGRB-less X-ray transients (plausible) 
• Fast radio bursts (speculative)

supra-massive NS



EM counterpart 4 (plausible): 
sGRB-less X-ray counterpart 

(orphan internal plateau)



Zhang (2013)

Jet-ISM shock (Afterglow)

Shocked ISM

Ejecta

SGRB

Radio
Optical
X-ray

X-ray

X-ray

Poynting 
flux

MNS

EM counterpart 4 (plausible): 
sGRB-less X-ray counterpart 

(orphan internal plateau)



5

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

) (J1) tcol ~ Inf.

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

) (J2) tsd < tcol

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

) (J3) tcol < tsd

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(F1) tcol ~ Inf.

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(F2) tsd < tcol 

100 105

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(F3) tcol < tsd

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T1) t
τ
 < tsd, tcol ~ Inf

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T2) tsd < t
τ
, tcol ~ Inf

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T3) t
τ
 < tcol < tsd

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T4) t
τ
 < tsd < tcol

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T5) tsd < t
τ
 < tcol

100 102 104 106 108

1030

1040

1050

Time (s)

Lu
m

in
os

ity
 (e

rg
 s
−1

)

(T6) tcol < t
τ

FIG. 2.— Typical light curves of wind emission (magenta) and X-ray merger-nova (red), solid lines as observable given unlimited sensitivity and dashed lines
not observable. (J1-3) jet zone (the sGRBs is also plotted (black)); (F1-3) free zone; (T1-6) trapped zone.

ality, the decay should be shallower due to the so-called “cur-
vature effect”, i.e. the delay of arrival of high-latitude photons
(Kumar & Panaitescu 2000; Uhm & Zhang 2015), but due to
the effect of the zero time offset (Zhang et al. 2006), the ac-
tual decay slope can be very steep, e.g. ∝ t−10 as seen in ob-
servations (Rowlinson et al. 2010, 2013; Lü et al. 2015). In
the jet zone, interaction between the GRB jet and the ambient
medium would also power a bright X-ray afterglow, which
may appear as external plateaus (e.g. Lü et al. 2015). How-
ever, such afterglow emission is diminished in the free zone.
The dominant X-ray emission should come from the nearly
isotropic internal dissipation emission of the magnetar.
In the trapped zone, the lightcurves are more complicated,

as shown in T1-6 in Figure.2. It includes two components:
the merger-nova component (mostly too faint to be detected)

and the wind dissipation component. Due to the e−τ factor,
the wind emission can diffuse out only when the ejecta gets
transparent around tτ (e.g. Gao et al. 2015). If the collapse
happens before the ejecta becomes optically thin, there is no
wind emission observed (T6). Otherwise, the wind emission
would come out at around tτ . In the case of a stable NS (tcol =
infinity), the wind emission always comes out, either during
the plateau phase (tτ < tsd, T1) or during the decay phase
(tτ > tsd, T2). In the case of supra-massive NSs, one has four
cases depending on the comparison among tcol, tτ and tsd: for
tτ < tcol < tsd (T3), one observes part of the plateau and the
star collapses before spinning down; for tτ < tsd < tcol (T4),
one observes part of the plateau and a decay segment before
the collapse; for tsd < tτ < tcol (T5), one can only observe a
decay segment before the collapse; and for tcol < tτ (T6), the

sGRB-less X-ray counterpart: 
light curve gallery

2

Zhang (2013) hypothesized that the magnetar wind dissipates
internally and powers X-rays, probably through collision-
induced magnetic reconnection (Zhang & Yan 2011) or cur-
rent instability (Lyutikov & Blandford 2003). This is based
on the observations of so-called “internal" X-ray plateaus as
observed in the X-ray lightcurves of some GRBs (Troja et al.
2007; Rowlinson et al. 2010, 2013; Lü et al. 2015). These
plateaus show a very steep decay at the end, which is im-
possible to account for within the models that invoke external
shock interactions.6 Zhang (2013) suggested that a wide-field
X-ray detector may detect an X-ray signal coincident with a
NS-NS merger GW event to be detected by LIGO and other
GW observatories in the future.
Having a stable or supra-massive millisecond magnetar as

the NS-NS merger product also has other implications for
EM counterparts of GW events. In particular, the steady en-
ergy injection of the magnetar spindown energy into the neu-
tron rich ejecta would have two effects. First, the macro-
/kilo-novae receives extra energy from the magnetar so that
they are no longer simply powered by radioactive decay
and could be much brighter than “kilonova” (Yu et al. 2013;
Metzger & Piro 2014). In some extreme cases, these events
can be even observed in X-rays (Siegel & Ciolfi 2016a,b).
Following Yu et al. (2013), we call such transients “merger-
novae”. Second, the external shock emission when this ejecta
interact with the ambient medium is also brighter, which may
be detectable in all wavelengths other than radio (Gao et al.
2013). Gao et al. (2016b) identified an optical bump signa-
ture in several short GRB afterglow lightcurves, which can be
well interpreted as from the merger-novae.
In this paper, we study the X-ray signature proposed by

Zhang (2013) in more detail. We introduce the concepts of
“free zone” and “trapped zone" for X-ray photons and cal-
culate possible X-ray lightcurves for different viewing angles
and different magnetar parameters (Sect. 2). Through Monte
Carlo simulations, we derive the luminosity function of these
transients. Since these X-ray transients have not been firmly
detected, we use the non-detection to constrain the solid an-
gle of the free zone as well as the event rate density of these
transients (Sect. 3). The fraction of supra-massive NSs also
depend on the EoS of the NS (or quark star, QS), so we also
investigate how our predictions depend on EoS. By compar-
ing with other X-ray transients, we make predictions of the
detectability of these transients by future wide-field X-ray de-
tectors, such as Einstein Probe (Yuan et al. 2016).

2. MODEL & LIGHTCURVES
2.1. Geometry

We consider a NS-NS merger which leaves a stable or
supra-massive millisecondmagnetar behind. The post-merger
geometric configuration may be delineated by a cartoon pic-
ture in Figure 1. Since the open field angle of a millisec-
ond magnetar is very wide, one can approximate a nearly
isotropic pulsar wind. The X-rays produced by the inter-
nal dissipation of the magnetar wind are assumed to be
emitted isotropically, whose luminosity tracks the dipole
spin-down luminosity of the magnetar with a certain effi-
ciency η. Numerical simulations of NS-NS mergers show
that around 10−3 to 10−1 M⊙ ejecta are ejected during
the merger process (Freiburghaus et al. 1999; Rezzolla et al.
6 Several models invoking external processes to account for these X-ray

plateaus have been proposed in the literature (e.g. Rezzolla & Kumar 2015;
Siegel & Ciolfi 2016a,b), but none can reproduce the steep decay in the data.

2010; Hotokezaka et al. 2013; Rosswog et al. 2013). These
launched ejecta cover a significant solid angle. The X-ray
photons can escape freely to the observer only when there is
no ejecta in front. Otherwise, they are trapped by the ejecta
and would first heat and accelerate the ejecta (along with the
Poynting flux) and eventually escape when the ejecta becomes
optically thin.
Considering that such a system may also launch a relativis-

tic jet in the direction perpendicular to the orbital plane (e.g.
Metzger et al. 2008; Zhang & Dai 2010; Bucciantini et al.
2012), one may define three zones (Figure 1):

• Jet zone: the direction where a short GRB can be de-
tected. The X-rays from magnetar wind dissipation
can be also observed, which powers the X-ray inter-
nal plateau as seen in a good fraction of short GRBs
(Lü et al. 2015);

• Free zone: the direction where no short GRB is ob-
served but X-rays can still escape freely. In Fig. 1 this
zone is marked as an annular ring around the jet, but
in principle it can include the solid angle patches not
covered by the ejecta in any direction;

• Trapped zone: the direction where X-rays are trapped
by the dynamical ejecta.

One has the sum of the solid angles
Ωjet +Ωfree +Ωtrapped = 4π. (1)

Short GRB observations suggest a typical opening angle of
10o (even though with a wide distribution) so that the average
jet solid angle is ⟨Ωjet⟩ ∼ (1/70)4π (Berger 2014). We then
define a solid angle ratio parameter

kΩ =
⟨Ωfree⟩
⟨Ωjet⟩

, (2)

with which the relative distributions among the three solid an-
gles can be settled.

FIG. 1.— Cartoon figure that marks the jet, free and trapped region.

2.2. Spin-down law and free zone emission
The millisecond magnetar losses its rotation energy

through both magnetic dipole radiation and gravitationalAlternative idea: X-ray scattering (Kisaka, Ioka & Nakamura 2015) 

Sun, Zhang & Gao, arXiv:1610.03860 
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FIG. 5.— The detection rates of the proposed X-ray transients by the current and future high-energy detectors as a function of field of view (left) and sensitivity
(right). Specific sensitivities of these instruments are considered and marked. We take Φ(L) for kΩ = 1 for EoS GM1 as an example.

to several tens of events per year of such events.
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Li, L.-X., & Paczyński, B. 1998, ApJ, 507, L59
Li, X., Zhang, F.-W., Yuan, Q., et al. 2016a, ApJ, 827, L16
Li, Y., Zhang, B, & Lü, H.-J. 2016b, ApJS, in press (arXiv:1608:03383)
Liebling, S. L., & Palenzuela, C. 2016, Phys. Rev. D, 94, 064046
Loeb, A. 2016, ApJ, 819, L21
Lü, H.-J., Zhang, B., Lei, W.-H., Li, Y., & Lasky, P. D. 2015, ApJ, 805, 89
Lyutikov, M., & Blandford, R. 2003, arXiv:astro-ph/0312347
Metzger, B. D., & Berger, E. 2012, ApJ, 746, 48
Metzger, B. D., Martínez-Pinedo, G., Darbha, S., et al. 2010, MNRAS, 406,
2650

Metzger, B. D., & Piro, A. L. 2014, MNRAS, 439, 3916
Metzger, B. D., Quataert, E., & Thompson, T. A. 2008, MNRAS, 385, 1455
Nakar, E., & Piran, T. 2011, Nature, 478, 82
Narayan, R., Paczynski, B., & Piran, T. 1992, ApJ, 395, L83
Paczynski, B. 1986, ApJ, 308, L43
Paczynski, B. 1991, Acta Astron., 41, 257
Perna, R., Lazzati, D., & Giacomazzo, B. 2016, ApJ, 821, L18
Piran, T., Nakar, E., & Rosswog, S. 2013, MNRAS, 430, 2121
Ravi, V., & Lasky, P. D. 2014, MNRAS, 441, 2433
Rezzolla, L., Baiotti, L., Giacomazzo, B., Link, D., & Font, J. A. 2010,
Classical and Quantum Gravity, 27, 114105

Rezzolla, L., Giacomazzo, B., Baiotti, L., et al. 2011, ApJ, 732, L6
Rezzolla, L., & Kumar, P. 2015, ApJ, 802, 95
Rosswog, S., Piran, T., & Nakar, E. 2013, MNRAS, 430, 2585
Rosswog, S., Ramirez-Ruiz, E., & Davies, M. B. 2003, MNRAS, 345, 1077
Rowlinson, A., O’Brien, P. T., Metzger, B. D., Tanvir, N. R., & Levan, A. J.
2013, MNRAS, 430, 1061

Rowlinson, A., O’Brien, P. T., Tanvir, N. R., et al. 2010, MNRAS, 409, 531
Shapiro, S. L., & Teukolsky, S. A. 1983, Research supported by the National
Science Foundation. New York, Wiley-Interscience, 1983, 663 p.,

Siegel, D. M., & Ciolfi, R. 2016a, ApJ, 819, 14
Siegel, D. M., & Ciolfi, R. 2016b, ApJ, 819, 15
Sun, H., Zhang, B., & Li, Z. 2015, ApJ, 812, 33
Tanaka, M. 2016, arXiv:1605.07235
Tanaka, M., & Hotokezaka, K. 2013, ApJ, 775, 113
Tanvir, N. R., Levan, A. J., Fruchter, A. S., et al. 2013, Nature, 500, 547
Troja, E., Cusumano, G., O’Brien, P. T., et al. 2007, ApJ, 665, 599
Uhm, Z. L., & Zhang, B. 2015, ApJ, 808, 33
Usov, V. V. 1992, Nature, 357, 472
Yang, B., Jin, Z.-P., Li, X., et al. 2015, Nature Communications, 6, 7323
Yu, Y.-W., Zhang, B., & Gao, H. 2013, ApJ, 776, L40
Yuan, W., Amati, L., Cannizzo, J. K., et al. 2016, Space Sci. Rev.,
Zhang, B. 2013, ApJ, 763, L22
Zhang, B. 2016, ApJ, 827, L31
Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, ApJ, 642, 354

Sun, Zhang & Gao, arXiv:1610.03860

sGRB-less X-ray counterpart: 
luminosity function & event rate density

7

44 45 46 47 48 49 50 51 52
0

0.01

0.02

0.03

0.04

0.05

0.06

log L erg s−1

Pr
ob

ab
ilit

y

 

 

Wind emission @Trapped zone
Wind emission @Free zone
Total peak luminosity function

42 44 46 48 50 52
−4

−2

0

2

4

6

log L (erg s−1)

lo
g 
ρ 0,

>L
 (G

pc
−3

 y
r−

1 )

L−0.9

 

 

X−ray emission in the work
SN Shock breakouts
LL−lGRBs

44 45 46 47 48 49 50 51 52
0

0.01

0.02

0.03

0.04

0.05

0.06

log L erg s−1

Pr
ob

ab
ilit

y

 

 

Wind emission @Trapped zone
Wind emission @Free zone
Total peak luminosity function

42 44 46 48 50 52
−4

−2

0

2

4

6

log L (erg s−1)

lo
g 
ρ 0,

>L
 (G

pc
−3

 y
r−

1 )

L−0.9

 

 

X−ray emission in the work
SN Shock breakouts
LL−lGRBs

44 45 46 47 48 49 50 51 52
0

0.01

0.02

0.03

0.04

0.05

0.06

log L erg s−1

Pr
ob

ab
ilit

y

 

 

Wind emission @Trapped zone
Wind emission @Free zone
Total peak luminosity function

42 44 46 48 50 52
−4

−2

0

2

4

6

log L (erg s−1)

lo
g 
ρ 0,

>L
 (G

pc
−3

 y
r−

1 )

L−0.9

 

 

X−ray emission in the work
SN Shock breakouts
LL−lGRBs

FIG. 3.— Peak luminosity functions (left) and event rate densities (right) for the GM1 EoS for kΩ = 10,3,1. Left: peak luminosity functions of both the free
zone (red) and the trapped zone (blue). The X-ray transients from the merger-nova are so weak that they are neglected. The joint luminosity function is fit by
black lines. Right: The event rate densities of the three model (pink) as compared with those of LL-lGRBs and SBOs (Sun et al. 2015).

TABLE 2
BEST-FIT PARAMETERS FOR THE PEAK LUMINOSITY FUNCTIONS WITH

TWO LOG-NORMAL DISTRIBUTIONS FOR kΩ = 10,3,1.

Parameters µ1 σ1 µ2 σ2 N1/N2

kΩ = 10 46.4 1.5 49.6 0.6 1.2
kΩ = 3 46.4 1.5 49.6 0.6 4.5
kΩ = 1 46.5 1.5 49.6 0.6 13.6

at most of other observed transients with a similar luminosity.
With a larger solid angle ratio, say kΩ ≃ 10, all EoSs over-
predict events with peak luminosity around 1049−50 ergs−1.
The event rate density above 1045 ergs−1, ρ0,>1045 , is around
several tens of Gpc−3 yr−1 for EoSs GM1, CDDM2, and is one
order of magnitude smaller for other EoSs. Since at this lu-
minosity the number is dominated by the trapped-zone low-L
component, ρ0,>1045 varies little for different kΩ values.

Also plotted in Fig.4 are the event rate densities of all other
high-energy transients (besides LL-lGRBs and SBOs, TDEs
and sGRBs are also plotted) studied in Sun et al. (2015). One
can see that the predicted X-ray transients fall into the range
of possible detections with the current facilities, if kΩ is of
order of unity.

3.4. Detectability
To be more quantitative, we calculate the detectability of

such X-ray transients for present high-energy satellites and fu-
ture wide-field X-ray telescopes based on the estimated lumi-
nosity functions and event rate densities. The detected num-
ber of events per year can be estimated as (Sun et al. 2015)

Ṅ = Ω

4π

∫ LM

Lm
Φ(L)dL

∫ zmax(L)

0

ρ0 f (z)
1+ z

dV
dz
dz, (29)

where Φ(L) is the luminosity function and f (z) describes the
redshift distribution of events. We take Φ(L) for kΩ = 1 for
EoS GM1 as an example. The redshift distribution f (z) is
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FIG. 4.— Global event rate density distribution of the X-ray transients for kΩ = 10,3,1 for seven EoSs studied in Li et al. (2016c). The data of other high-energy
transients, including LL-lGRBs, SBOs, TDEs and sGRBs, are also presented (from Sun et al. (2015)) with a single power law fit (red line) and 3σ boundary for
the correlation (dotted line).

taken from Eq.(20) in Sun et al. (2015), which considers a
gaussian distribution of the merger delay time scale for NS-
NS mergers. The redshift-dependent specific co-moving vol-
ume reads (for the standard ΛCDM cosmology)

dV (z)
dz

= c
H0

4πD2L
(1+ z)2[ΩM(1+ z)3+ΩΛ]1/2

. (30)

For a particular L, the maximum redshift zmax(L), which de-
fines the maximum volume inside which an event with lumi-
nosity L can be detected, relies on the sensitivity threshold Fth
via

Fth =
ηL

4πD2L(zmax)
, (31)

We estimate the detection rates for Swift/BAT and XRT,
XMM-Newton, Chandra, as well as the upcoming Chinese
wide field X-ray telescope Einstein Probe(EP, with a designed
field of view of 1str.). We also consider the specific flux sen-
sitivity for each telescope by assuming a ∼ 1000s exposure
time.
In Figure 5, we give the detection rate as a function of both

sensitivity and field of view for all the above-mentioned in-
struments. It can be seen that the present narrow field X-ray
telescopes can hardly detect such X-ray transients. This is
consistent with the non-detection of these events so far. The
detection rate of BAT, Ṅ, can be around 1-2 per year. For ten
years service, BAT may have already detected two dozens of
such bright transients, if their spectra extend to the BAT en-
ergy band. However, they may have been confused as faint
long-duration GRBs (or X-ray flashes). A systematic search
in the faint BAT GRB sample may lead to identifications of
such events.
The prediction for EP is very promising. With the high sen-

sitivity and large field of view, EP may be able to detect∼ 100
such events per year in the near future. Considering that for
some parameters the light curves in the trapped zone show
rapid decline as a function of time, which effectively reduce
the integration time (with respect to the constant luminosity
case), we more conservatively suggest a detection rate of sev-
eral tens per solid angle per year for EP. Such detections by
EP would validate the existence of such events, testify the lu-
minosity functions of the transients, and constrain the range
of kΩ.
It is interesting to estimate the joint detection rate of these

X-ray transients with the aLIGO GW signals. Taking EoS

GM1 as an example (the event rate densities vary by a fac-
tor of a few for different EoSs as discussed in section 3.3),
within the 300 Mpc aLIGO horizon for NS-NS mergers, one
could detect around 3 such events per year all sky. The joint
GW/X-ray detections depend on the field of view of the X-
ray detector. For instruments like EP (about 1 steradian solid
angle), one joint GW/X-ray detection may be made within a
three year operation of both the X-ray telescope and the GW
detectors.

4. CONCLUSIONS & DISCUSSION
Considering that NS-NS mergers can leave behind a stable

or a supra-massive millisecond magnetar, Zhang (2013) pro-
posed that there could be sGRB-less X-ray transients associ-
ated with gravitational wave events due to NS-NS mergers.
In this paper, we study such events in great detail. By defin-
ing three geometric zones (jet zone, free zone, and trapped
zone) and solve the dynamical evolution and merger-nova
ejecta, we predict 12 different types of X-ray lightcurves for
NS-NS mergers, 9 of which are sGRB-less. The X-ray tran-
sients are brighter from the free zone, with a typical lumi-
nosity ∼ 1049.6ergs−1. In the trapped zone, since X-ray lumi-
nosity rises only after the merger ejecta becomes transparent,
the X-ray transients are fainter, with a typical luminosity of
∼ 1046.4ergs−1.
Through Monte Carlo simulations, we investigate the pos-

sible peak luminosity functions and event rate densities of the
X-ray transients under different assumed NS/QS EoSs and
for different assumed solid angle ratios, kΩ. In general, the
peak luminosity function is bimodal, which can be fit with
two log-normal distribution components from the free zone
and the trapped zone, respectively. The relative number ratio
between the two components depends on the unknown kΩ. By
comparing the predicted event rate density of these transients
with those of other known high-energy transients such as LL-
lGRBs, sGRBs, TDEs, and tidal disruption events, we con-
strain that kΩ is at most a few, which means that the free zone
solid angle is at most comparable to (or slightly greater than)
the sGRB solid angle. The event rate density of these tran-
sients above 1045 erg s−1 is around a few tens of Gpc−3 yr−1
for EoSs GM1 and varies little for other EoSs. We calculate
the detectability of these transients by current and future X-
ray detectors. Swift/BAT may have detected some such tran-
sients, which might be confused as faint long GRBs or X-ray
flashes. The upcoming sensitive, wide-field X-ray telescope
such as the Einstein Probe mission may be able to detect up

Candidate(s) found - stay tuned
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wave (GW) radiation, with a total spin-down rate (e.g.
Shapiro & Teukolsky 1983; Usov 1992; Zhang & Mészáros
2001; Gao et al. 2016a; Lasky & Glampedakis 2016)

Ė = IΩΩ̇ = −
B2pR6Ω4

6c3
−
32GI2ϵ2Ω6

5c5
(3)

where Ω = 2π/P is the angular frequency and Ω̇ is its time
derivative, I is the moment of inertia, Bp is the dipolar field
strength at the magnetic poles on the NS surface, R is the ra-
dius of the NS, and ϵ is the ellipticity of the NS. The second
term describes the GW radiation energy loss term, which de-
scribes the direct energy loss rate from the system, which does
not affect the evolution of the remnant. The first term is the
magnetic dipole radiation or magnetar wind spin-down term.
In the following, we define the negative of this term as the
dipole spin-down luminosity

Lsd(t) =
B2pR6Ω4(t)
6c3

, (4)

which is directly related to the total energy power of the EM
counterparts in the system. Dropping out one of the two terms
in the right hand side of Eq.(3), one can define two character-
istic spin-down time scales (Zhang & Mészáros 2001)

tmd =
3c3I

B2pR6Ω2i
≃ (2.0× 103 s)I45B−2p,15P2i,−3R−66 , (5)

tGW =
5c5

128GIϵ2Ω4i
≃ (9.1× 103 s)I−145P4i,−3ϵ−2−3, (6)

where Ωi and Pi are the initial angular velocity and period of
the magnetar, respectively, and the convention Qn = Q/10n
has been adopted. The overall spin-down time scale of the
magnetar, which defines the time when the dipole spin down
luminosity Lsd decreases with time as a power law, can be
defined as

tsd = min(tmd, tGW). (7)
The spin-down luminosity (Eq.(4)) behaves as

Lsd ∝

⎧

⎨

⎩

t0, t < tsd = tGW,
t−1, tsd = tGW < t < tmd,
t−2, t > tmd

(8)

for tGW < tmd, and

Lsd ∝
{

t0, t < tsd = tmd,
t−2, t > tsd = tmd

(9)

for tmd < tGW.
In the free zone, internal dissipation of the magnetar wind

gives an X-ray luminosity which scales with Lsd, i.e.

LX,free(t) = ηLsd =
ηB2pR6Ω4(t)

6c3
, (10)

where η is the efficiency of converting the dipole spin down
luminosity to the observed X-ray luminosity.

2.3. Trapped zone
In the trapped zone, the dissipated photon energy defined

by Eq.(4) is trapped in the ejecta. Together with the non-
dissipated Poynting flux energy, it is used to heat the ejecta
and accelerate the ejecta via pdV work. The optical depth of
the ejecta is written as

τ = κ(Mej/V ′)(R/Γ), (11)

where κ is the opacity of the ejecta. The ejecta is initially
opaque when τ > 1, so that X-ray emission is essentially the
Wien tail of the mergernova photosphere emission, if there
is no significant energy dissipation and Comptonization be-
low the photosphere (which we assume for simplicity in this
paper). The trapped magnetar wind however becomes trans-
parent after tτ defined by τ = 1. The X-ray luminosity would
rise up quickly to the level of Eq.(23) at t > tτ .
The X-ray emission from the merger-nova can be calculated

similar to the treatment of Yu et al. (2013). The total energy
of the ejecta excluding the rest mass energy can be expressed
as

Eej = (Γ−1)Mejc2 +ΓE ′
int (12)

Energy conservation gives
dEej = (Lsd +Lra −Le)dt, (13)

where t is the observer’s time, Lsd is defined by Eq.(4), Lra
is the radioactive power, and Lrad is bolometric radiation lu-
minosity. Equating the derivative of Eq.(12) with Eq.(13)
and noticing that dt ′ = Ddt (t ′ is the co-moving time), where
D = 1/[Γ(1−β cosθ)] is the Doppler factor with β =

√
1−Γ−2

and θ = 0 for an on-beam observer), one has
dΓ
dt
=
Lsd +Lra −Le −ΓD(dE ′

int/dt ′)
Mejc2 +E ′

int
. (14)

The change of the internal energy in the co-moving frame can
be calculated as (Kasen & Bildsten 2010)

dE ′
int

dt ′
= ξL′sd +L′ra −L′e −P′ dV ′

dt ′
(15)

where ξ is an efficiency parameter to define the fraction of the
spin-down energy that is used to heat the ejecta, and the co-
moving luminosities are defined as L′sd = Lsd/D2, L′ra = Lra/D2

and L′e = Le/D2, and the co-moving radiative heating luminos-
ity is calculated as

L′ra = 4× 1049Mej,−2

×
[

1
2
−
1
π
arctan

(

t ′ − t ′0
t ′σ

)]1.3

erg s−1. (16)

with t ′0 ∼ 1.3 s and t ′σ ∼ 0.11 s (Korobkin et al. 2012). For
a relativistic gas, the pressure is (1/3) of the internal energy
density, i.e.

P′ = E ′
int/(3V

′). (17)
The co-moving volume is determined by

dV ′

dt ′
= 4πR2βc, (18)

and
dR
dt
=

βc
1−β

. (19)

The co-moving frame bolometric luminosity of the merger-
nova can be estimated as

L′e =

{ E ′
intc/(τR/Γ) for t < tτ

E ′
intc/(R/Γ) for t ≥ tτ

(20)

The observed spectrum is nearly blackbody with a typical
temperature

εγ,p ≈ 4DkT ′ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

4Dk
(

E′

int
aV ′τ

)1/4
for τ > 1

4Dk
(

E′

int
aV ′

)1/4
for τ ≤ 1

(21)
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Ė = IΩΩ̇ = −
B2pR6Ω4

6c3
−
32GI2ϵ2Ω6

5c5
(3)

where Ω = 2π/P is the angular frequency and Ω̇ is its time
derivative, I is the moment of inertia, Bp is the dipolar field
strength at the magnetic poles on the NS surface, R is the ra-
dius of the NS, and ϵ is the ellipticity of the NS. The second
term describes the GW radiation energy loss term, which de-
scribes the direct energy loss rate from the system, which does
not affect the evolution of the remnant. The first term is the
magnetic dipole radiation or magnetar wind spin-down term.
In the following, we define the negative of this term as the
dipole spin-down luminosity

Lsd(t) =
B2pR6Ω4(t)
6c3

, (4)

which is directly related to the total energy power of the EM
counterparts in the system. Dropping out one of the two terms
in the right hand side of Eq.(3), one can define two character-
istic spin-down time scales (Zhang & Mészáros 2001)

tmd =
3c3I

B2pR6Ω2i
≃ (2.0× 103 s)I45B−2p,15P2i,−3R−66 , (5)

tGW =
5c5

128GIϵ2Ω4i
≃ (9.1× 103 s)I−145P4i,−3ϵ−2−3, (6)

where Ωi and Pi are the initial angular velocity and period of
the magnetar, respectively, and the convention Qn = Q/10n
has been adopted. The overall spin-down time scale of the
magnetar, which defines the time when the dipole spin down
luminosity Lsd decreases with time as a power law, can be
defined as

tsd = min(tmd, tGW). (7)
The spin-down luminosity (Eq.(4)) behaves as

Lsd ∝

⎧

⎨

⎩

t0, t < tsd = tGW,
t−1, tsd = tGW < t < tmd,
t−2, t > tmd

(8)

for tGW < tmd, and

Lsd ∝
{

t0, t < tsd = tmd,
t−2, t > tsd = tmd

(9)

for tmd < tGW.
In the free zone, internal dissipation of the magnetar wind

gives an X-ray luminosity which scales with Lsd, i.e.

LX,free(t) = ηLsd =
ηB2pR6Ω4(t)

6c3
, (10)

where η is the efficiency of converting the dipole spin down
luminosity to the observed X-ray luminosity.

2.3. Trapped zone
In the trapped zone, the dissipated photon energy defined

by Eq.(4) is trapped in the ejecta. Together with the non-
dissipated Poynting flux energy, it is used to heat the ejecta
and accelerate the ejecta via pdV work. The optical depth of
the ejecta is written as

τ = κ(Mej/V ′)(R/Γ), (11)

where κ is the opacity of the ejecta. The ejecta is initially
opaque when τ > 1, so that X-ray emission is essentially the
Wien tail of the mergernova photosphere emission, if there
is no significant energy dissipation and Comptonization be-
low the photosphere (which we assume for simplicity in this
paper). The trapped magnetar wind however becomes trans-
parent after tτ defined by τ = 1. The X-ray luminosity would
rise up quickly to the level of Eq.(23) at t > tτ .
The X-ray emission from the merger-nova can be calculated

similar to the treatment of Yu et al. (2013). The total energy
of the ejecta excluding the rest mass energy can be expressed
as

Eej = (Γ−1)Mejc2 +ΓE ′
int (12)

Energy conservation gives
dEej = (Lsd +Lra −Le)dt, (13)

where t is the observer’s time, Lsd is defined by Eq.(4), Lra
is the radioactive power, and Lrad is bolometric radiation lu-
minosity. Equating the derivative of Eq.(12) with Eq.(13)
and noticing that dt ′ = Ddt (t ′ is the co-moving time), where
D = 1/[Γ(1−β cosθ)] is the Doppler factor with β =

√
1−Γ−2

and θ = 0 for an on-beam observer), one has
dΓ
dt
=
Lsd +Lra −Le −ΓD(dE ′

int/dt ′)
Mejc2 +E ′

int
. (14)

The change of the internal energy in the co-moving frame can
be calculated as (Kasen & Bildsten 2010)

dE ′
int

dt ′
= ξL′sd +L′ra −L′e −P′ dV ′

dt ′
(15)

where ξ is an efficiency parameter to define the fraction of the
spin-down energy that is used to heat the ejecta, and the co-
moving luminosities are defined as L′sd = Lsd/D2, L′ra = Lra/D2

and L′e = Le/D2, and the co-moving radiative heating luminos-
ity is calculated as

L′ra = 4× 1049Mej,−2

×
[

1
2
−
1
π
arctan

(

t ′ − t ′0
t ′σ

)]1.3

erg s−1. (16)

with t ′0 ∼ 1.3 s and t ′σ ∼ 0.11 s (Korobkin et al. 2012). For
a relativistic gas, the pressure is (1/3) of the internal energy
density, i.e.

P′ = E ′
int/(3V

′). (17)
The co-moving volume is determined by

dV ′

dt ′
= 4πR2βc, (18)

and
dR
dt
=

βc
1−β

. (19)

The co-moving frame bolometric luminosity of the merger-
nova can be estimated as

L′e =

{ E ′
intc/(τR/Γ) for t < tτ

E ′
intc/(R/Γ) for t ≥ tτ

(20)

The observed spectrum is nearly blackbody with a typical
temperature

εγ,p ≈ 4DkT ′ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

4Dk
(

E′

int
aV ′τ

)1/4
for τ > 1

4Dk
(

E′

int
aV ′

)1/4
for τ ≤ 1

(21)
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FIG. 1: The afterglow emission, not corrected for the small amount of foreground and host extinction, of GRB 060614. Note
that the VLT V/I band data have been calibrated to the HST F606W/F814W filters with proper k−corrections (see the
Appendix). The VLT data (the circles) are canonical fireball afterglow emission while the HST F814W detection (marked
in the square) at t ∼ 13.6 day is significantly in excess of the same extrapolated power-law decline (see the residual), which
is at odds with the afterglow model. The F814W-band lightcurve of SN 2008ha expected at z = 0.125 is also presented for
comparison. The dashed lines are Macronova model light curves generated from numerical simulation [29] for the ejecta from
a black hole−neutron star merger.

model, the cooling frequency is expected to drop with time as νc ∝ t−1/2 [22]. Thus, it cannot change the optical
spectrum in the time interval of 1.9 − 13.6 day. Hence, the remarkable color change and the F814W-band excess of
∼ 1 mag suggest a new component. Like in GRB 130603B this component was observed at one epoch only. After
the subtraction of the power-law decay component, the flux of the excess component decreased with time faster than
t−3.2 for t > 13.6 days An unexpected optical re-brightening was also detected in GRB080503, another ‘long-short’
burst [24]. However, unlike the excess component identified here, that re-brightening was achromatic in optical to
X-ray bands and therefore likely originated by a different process.
Shortly after the discovery of GRB 060614 it was speculated that it is powered by an “unusual” core collapse of a

massive star [2, 3]. We turn now to explore whether the F814W-band excess can be powered by a weak supernova.
Fig.2 depicts the color F606W−F814W of the excess component (we take F606W−F814W≈ 1.5 mag as a conservative

GRB 060614, Yang et al. (2015)
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FIG. 1: The optical observations of sGRB 050709
(a) and a comparison of the data with a theoreti-
cal macronova light curve (b). (a): The fits to the R-
band emission (green dashed line) and to the I-band observa-
tions from the VLT I-band data as well as the first two HST
F814W-band data points (red dash-dotted line) yield the de-
clines of t−1.63±0.16 and t−1.12±0.09, respectively. The dotted
lines represent the “suggested”-afterglow emission lightcurves
of the GRB outflow after the jet break (i.e., t−2.5 for the
energy distribution index of the shock-accelerated electrons
p ∼ 2.5). (b): Shown are the residuals of the optical emis-
sion after the subtraction of a suggested fast-declining forward
shock afterglow after t = 1.4 days (dotted lines in the upper
panel). The simulated I/R/V -band macronova light curves
[17] are for the ejecta from a black hole−neutron star merger,
corresponding to an ejection mass of Mej ∼ 0.05 M⊙ and a
velocity of Vej ∼ 0.2c. An uncertainty of ∼ 0.75 mag (the
shaded region) has been adopted following Hotokezaka et al
[32]. (c): The SED of the macronova signal of sGRB 050709
measured by VLT on July 12, 2005 compared with a possi-
ble Iron line-like spectral structure adopted from Kasen et
al. [13]. Note that all errors are 1σ statistical errors and the
upper limits are at the 3σ confidence level.

suggested-afterglow component has been subtracted) is
very similar to that identified in hGRB 060614 [26].
In Fig.1(b) we compared the observed lightcurves with

the predictions of a macronova model. Shown are the
residual of the optical emission after the subtraction of a
suggested forward shock afterglow with a fast declining
emission after t = 1.4 days and the theoretical lightcurves
of a macronova following a black hole−neutron star
merger [17] with Mej ∼ 0.05 M⊙ and vej ∼ 0.2c, where
c is the speed of light, Mej and vej are the ejecta mass
and velocity, respectively. This is comparable but slightly
smaller than the parameters used for fitting the I-band
excess observed in the afterglow of GRB 060614 [25].
Such a large amount of r-process material is consistent
with a black-hole neutron star mergers [36–39] and it
also supports the hypothesis that compact object merg-
ers are prime sites of significant production of r−process
elements [3, 40–46]. The black-hole neutron star merger
scenario also has a significant implication on the prospect
of establishing the GRB/GW connection in the advanced
LIGO/Virgo era [47].
The weak I-band emission at t ∼ 2.5 days together

with the almost simultaneous R and V observations, im-
plies a puzzling broad line-like structure (see Fig.1(c) for
the afterglow-subtracted SED). A speculative interpre-
tation is that this signal is due to a disk wind driven
macronova. A strong line feature can be produced by a
macronova dominated by Iron [13]. Such an Iron-group
dominated macronova may arise from an accretion disk
wind [48] in which the heavier r-process elements are de-
pleted because strong neutrino irradiation from a rem-
nant neutron star or the accretion torus can increase
the electron fraction of the disk material. An interesting
possibility is that the sub-relativistic neutron-rich ejecta
from the compact object mergers may have a heavier or
lighter composition in different directions and the result-
ing signal may be a combination of macronovae resulting
from those (e.g. [49, 50]). A telescope of the E-ELT (Eu-
ropean Extremely Large Telescope) class will be able to
carry out spectroscopy of these faint signals allowing a
better understanding of the phenomena.
Before concluding we note that if we do not rely on the

re-analysis of the data, and adopt the afterglow interpre-
tation of Watson et al. [28], even in this case there is an
I band excess at 9.8 days. The most natural explanation
for this excess is also a macronova and the physical pa-
rameters are similar to that adopted in the modeling of
Fig.1.

B. Macronvovae are ubiquitous in afterglows of
short and hybrid GRBs

Following the tentative discovery of a third macronova
signal we have re-examined all nearby sGRBs and hGRBs
to search for possible macronova signals. Usually the
macronova optical spectrum is expected to be soft, there-
fore ground-based deep I-band observations (ground-

GRB 050709, Jin et al. (2016)GRB 130603B, Tanvir et al. (2015); Berger et al. (2015)4
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FIG. 1.—Modeling results for the broad-band observations of GRB 050724 (left panel), GRB 070714B (middle panel) and GRB 061006 (right panel). The blue
and red colors denote X-ray and optical, respectively. Detections are denoted as dots or diamonds with error bars, and upper limits are denoted by downwards
arrows. The blue and red dashed lines represent the GRB afterglow emission in the X-ray and optical bands, respectively; blue and red dotted dash lines represent
the merger-nova emission in the X-ray and optical band, respectively; the green dashed line denotes the evolution function of the magnetar spin-down radiation
luminosity; the light blue dashed line denotes the late magnetar wind dissipation emission. The blue and red solid lines denote the sum of various emission
components in the X-ray and optical bands, respectively.

imposed small flaring. The light curve can be fit with a power-
law starting with a steep decay with a slope of α = 2.49±0.18
followed by a plateau starting from ∼ 400 s with a slope of
α = 0.60± 0.29, which breaks at ∼ 1000 s to a steeper decay
of α = 1.73± 0.11 (Racusin et al. 2007b).
Early optical afterglow decay was roughly flat or decay-

ing with α ∼ 0.07± 0.28 (assuming a power-law decay of
the form F(t)∝ t−α). This can be compared to the X-ray de-
cay which shows a plateau during this period (see Figure 1)
. Including the late time WHT observation, the optical decay
rate becomes α = 0.86± 0.10, which is much shallower than
the X-ray decay over a similar time frame of α = 1.73± 0.11
(Malesani et al. 2006a; Racusin et al. 2007b). Keck I was em-
ployed to observe the field of GRB 070714B about 3× 105
s after the prompt trigger, providing an detection point of
∼ 0.1 µJy in R band (Perley et al. 2007). With this informa-
tion, the WHT data could no longer be fitted with a simple
power-law decay, at least one break feature is required before
3× 105 s. In any case, whereas the early optical data points
are roughly flat during the X-ray plateau so that the two bands
may share a common origin, the optical and X-ray behaviors
clearly diverge at late times (Graham et al. 2009).
The multi-band data of GRB 070714B could also be well

interpreted with the physical model described in the section 2.
Similar to GRB 050724, the late optical data point should be
dominated by the emission from a magnetar-poweredmerger-
nova, which explains the diverse behavior between X-ray and
optical data. The early optical data corresponds to the onset
phase of external shock emission, which explains the very flat
decay index. After the steep decay, the baseline of the decay-
ing X-ray data could be fitted by the external shock emission,
while the early soft extended emission and the small flaring
features superposed on the external shock emission may be
contributed by the direct magnetic dissipation of the magne-
tar wind.
In the GRB 070714B modeing, following parameters are

adopted (Table 1): jet isotropic kinetic energy Ek = 1.0×
1052 erg, ambient medium density n = 0.01 cm−3, initial
Lorentz factor Γ0 = 95, half opening angle θ = 0.2, shock
parameters ϵe = 0.06, ϵB = 0.0002, p = 2.6, neutron star ra-
dius Rs,6 = 1.0, magnetar initial spin period Pi = 2.5 ms, dipo-
lar magnetic field of strength B = 1× 1016 G, ejecta mass

Mej ∼ 10−2 M⊙, ejecta initial velocity vi = 0.2c, effective
opacity as κ = 1 cm2 g−1, and 10% efficiency for the wind
energy deposition into the ejecta.

3.3. GRB 061006
GRB061006 was detected by Swift-BAT at 16:45:50 UT

on 2006 October 6 (Schady et al. 2006). This burst began
with an intense double-spike from T-22.8 to T-22.3 seconds.
This spike was also seen as a short GRB by RHESSI, Konus,
and Suzaku (Hurley et al. 2006). This was followed by lower-
level persistent emission, making the total prompt duration as
130± 10 s. The fluence in the 15-150 keV band is (1.43±
0.14)× 10−6 ergs cm−2 (Schady et al. 2006). Berger et al.
(2007) obtained spectroscopic observations of a putative host
galaxy with GMOS on Gemini-South on 2006 November
20.31 UT for a total exposure time of 3600 s, and detected
weak continuum emission and several emission lines corre-
sponding to [O ii] λ3727, Hβ, [O iii]λ4959, and [O iii]λ5007
at z = 0.4377± 0.0002.
The X-ray lightcurve shows an initial slope of α ∼ 2.26±

0.1, breaking around 290 s after the burst to a flatter de-
cay slope of α ∼ 0.77± 0.07. Optical afterglow was ob-
served with the ESO-VLT UT2 equipped with FORS1 twice
(Malesani et al. 2006a,b), on 2006 Oct 7.30728 UT (14.6 hr
after the prompt trigger) and on 2006 Oct 8.2936 UT (1.60
days after the prompt trigger). The inferred power-law decay
slope is quite shallow (α∼ 0.50± 0.08).
Similar to GRB 050724 and GRB 070714B, the diverse be-

havior between X-ray and optical band at late times again
suggests that GRB 061006 optical lightcurvemay be contami-
nated by the emission from a magnetar-poweredmerger-nova.
After the steep decay, the simple decayingX-ray data could be
fitted by the external shock emission, while the early soft ex-
tended emission is contributed by the direct magnetic dissipa-
tion of the magnetar wind. Unlike GRB 050724 that showed a
re-brightening in X-rays, no X-ray bump is seen near the peak
of the optical merger nova. This might be explained by as-
suming that the supra-massive neutron star already collapsed
before 104 s.
In the interpretation of GRB 061006, the following pa-

rameters are adopted (Table 1): jet isotropic kinetic energy
Ek = 1.6× 1052 erg, ambient medium density n = 0.1 cm−3,

Gao et al. (2016, arXiv:1608.03375)
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initial Lorentz factor Γ0 = 200, half opening angle θ = 0.2,
ϵe = 0.015, ϵB = 0.00003, p = 2.1, neutron star radiusRs,6 = 1.0,
initial spin period Pi = 2 ms, dipolar magnetic field of strength
B = 5× 1015 G, ejecta mass Mej ∼ 10−2M⊙, ejecta initial ve-
locity vi = 0.2c, effective opacity κ = 1 cm2 g−1, and 1% wind
deposition efficiency.

3.4. Summary
The late time optical data of all three GRBs show a com-

mon feature of re-brightening, which can be well interpreted
as the presence of a magnetar-powered merger-nova in each
of them. The X-ray behaviors of the three bursts, on the other
hand, are completely different. For instance, unlike GRB
050724, GRB061006 did not show a late re-brightening fea-
ture in the X-ray band, suggesting that the magnetar may have
collapsed into a black hole before the surrounding ejecta be-
comes transparent1. On the other hand, the XRT light curve
of GRB 070714 shows small flaring features superposed on
the fading power-law behavior, which dose not exist for GRB
050724 and GRB 061006. The flaring is consistent with the
erratic activity of a magnetar. Because of these repeated activ-
ities, the funnel punched by the jet never completely closes in
contrast to GRB 050724 and GRB 080503. This can also ex-
plain the lack of a very steep decay phase in this burst, in con-
trast to the other two GRBs. In any case, all three cases can
be interpreted within the framework of the magnetar-powered
merger-nova model.
It is worth noting that the late optical data points for GRB

061006 are close to each other in log space, and the last data
is possibly contaminated by the host galaxy (Malesani et al.
2006b). Taking into account that the X-ray light curve of GRB
061006 behaves as a simple power-law decay without any ad-
ditional features after the initial decay phase, we put GRB
061006 as a less robust case compared with GRB 050724 and
GRB 070714B.

4. CONCLUSIONS AND DISCUSSION
In this work, we carry out a complete search for magnetar-

powered merger-nova from the short GRB data. With the
three criteria we set up (extended emission / internal plateau,
late time high-qualityX-ray and optical data, and redshift), we
are left with three bursts i.e., GRB 050724, GRB 070714B,
GRB 061006. Interestingly, all three bursts exhibit chromatic
behaviors in late optical and X-ray observations, suggesting
that the X-ray and optical data are contributed by different
emission components. In particular, the late optical data of
the three bursts all show a clear bump, which is consistent
with the presence of a merger-nova. The X-ray data of the
three bursts show different behaviors (GRB 050724 has an
early steep decay and late re-brightening; GRB 070714B does
not have a very steep decay phase but has flaring along the
way; GRB 061006 has an early steep decay but no late re-
brightening), but can be all understood within the framework
of a magnetar central engine. We find that with standard pa-
rameter values, the magnetar remnant scenario can well in-
terpret the multi-band data of all three bursts, including the
extended emission and their late chromatic features for X-ray
and optical data.
1 In the interpretation of GRB 070714B and GRB 061006, we invoke the

magnetar collapsing time as an additonal free parameter tcol. We find that the
adopted value of tcol barely affects the final results as long as it is much larger
than the spin down timescale of the magnetar but smaller than the transparent
timescale of the ejecta.

TABLE 1
MODEL PARAMETERS TO INTERPRET THE BROADBAND DATA OF GRB

050724, GRB 070714B AND GRB 061006

Magnetar and ejecta parameters
B (G) Pi (ms) Rs (cm) Mej (M⊙) vi/c κ (cm2 g−1)

GRB 050724 6× 1015 5 1.2× 106 10−3 0.2 1
GRB 070714B 1× 1016 2.5 1.0× 106 10−2 0.2 1
GRB 061006 5× 1015 2 1.0× 106 10−2 0.2 1

Jet and ambient medium parameters
E (erg) Γ0 n (cm−3) θ (rad)

GRB 050724 3.9× 1050 200 0.1 0.2
GRB 070714B 1052 95 0.01 0.2
GRB 061006 1.6× 1052 200 0.1 0.2

Other parameters
ϵe ϵB p ξ

GRB 050724 0.025 0.001 2.3 0.01
GRB 070714B 0.06 0.0002 2.6 0.1
GRB 061006 0.015 0.00003 2.1 0.01

36

37

38

39

40

41

42

43

44

45

lo
g 1
0(
L p
ea
k)

Nova

Kilo-Nova

Super-Nova

Super-Luminous Super-Nova

050709

050724

060614

061006
070714B

130603B

FIG. 2.— Peak luminosity for all claimed “kilonovae" and magnetar-
powered merger-novae.

The fact that all three internal-plateau short GRBs with red-
shift measurement and late X-ray/optical observations have
merger-nova signatures suggest that short GRBs with inter-
nal plateaus are indeed powered by a magnetar central en-
gine. We therefore encourage intense late-time multi-color
optical follow-up observations of short GRBs with extended
emission/internal plateau to identify more magnetar-powered
merger-novae in the future.
It is interesting to compare the properties of magnetar-

powered merger-novae and the r-process powered kilo-novae
claimed in the literature. In Figure 2, we present the peak
luminosities of all claimed cases, compared with the typical
luminosities of novae, supernovae, and super-luminous super-
novae. One can see that the three kilo-novae associated with
GRB 050709, GRB 060614, and GRB 130603B indeed have
peak luminosities about 1000 times of that of a typical nova.
The three magnetar-poweredmerger-novae claimed in this pa-
per, on the other hand, are systematically brighter by more
than one order of magnitude, so that the term “kilo-nova”
cannot catch the properties of these events. The two popu-
lations are clearly separated from each other. More late-time
follow-up observations of short GRBs are needed to quantify
the fraction of NS-NS mergers with a magnetar merger prod-
uct.
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Fig. 2.— Predicted radio light curves in the magnetar scenario when both relativistic effects and synchrotron self-absorption are
included. The light curves are calculated assuming kinetic energy of Ek = 3 × 1052 erg and a range of ISM densities (see legend). Solid
triangles represent the late-time radio observations (see § 2).

tions from spherical symmetry, that are expected, would
reduce somewhat the signal and delay the peak time
(Margalit & Piran, 2015). However this amounts only
to about 10% difference in peak luminosity and a factor
of∼ 2 in peak time. We cannot rule out a magnetar with
a large mass ejection (> 0.1M⊙), in low density envi-
ronment, by the absence of radio emission. The velocity
of this large ejecta mass will be non-relativistic and is
expected to produce weak emission below our detection
limits (Figure 2). Other cases where the radio emis-
sion can be highly suppressed is an even more extreme
case, where a minute amount of energy is converted in
the shock to magnetic fields, i.e., ϵB ≪ 0.001. Atypical
high ISM density will also lead to a suppression of the
radio signal as the optical depth will increase.

5. SUMMARY

Compact binary mergers are expected to be followed
by a macronova emission and long-lasting radio emis-
sion. In this paper we have searched for this radio sig-
nal including the one which is predicted specifically by
the magnetar scenario. In this latter case, a merger re-
sults in highly magnetized ns that deposits energy into
a small amount of ejecta mass that becomes relativistic.
If this relativistic ejecta interacts with an ISM that is
not too dilute, it is expected to produce a bright radio
emission which will peak over time scales of months to
years.
Our search was focused on two GRBs (GRB130603B

& GRB060614) that were the first to exhibit a
macronova-like emission, thus indicating the ejection of
a small amount of mass, a condition needed for the late
production of a radio flare. Therefore, we have observed
these GRB positions at late times with the VLA and
the ATCA telescopes. Our radio observations resulted
in null-detections. Comparing the predicted radio emis-

sion with our upper limits, we can rule out a wide range
of kinetic energies, ejecta masses, ISM densities and mi-
crophysical parameters. As shown in Figures 1, 2, and 3,
the range of parameters we rule out includes the canon-
ical magnetar model.
A previous search for magnetar radio emission from

sGRBs has been performed by Metzger & Bower (2013).
They observed 7 sGRBs within 1− 3 years after discov-
ery with the VLA but did not detect any emission. They
used their non-detections to constrain the merger mag-
netar scenario as well. However, their work is different
from ours in several ways. First, they have used the
Newtonian calculations following Nakar & Piran (2011)
but with β = 0.8 and kinetic energy of 3 × 1052 erg/s.
Thus, they have not accounted for relativistic effects and
did not explore a wide range of ejecta masses. Given
these limitations and the lower observational sensitivi-
ties (due to the old capabilities of the VLA), Metzger
& Bower (2013) only ruled out magnetar scenarios with
densities above n = 0.03 cm−3. Our observed sample is
also different since the sGRBs that we observed have
been associated with macronova emission, previously
not observed in other sGRBs.
As discussed above, our conclusion is limited by sev-

eral factors. While, we use a wide range of values for
the model parameters, there are still extreme parame-
ters under which the magnetar model is consistent with
our observations. This includes, extremely high (or low)
ISM density, extremely low values (< 0.001) of ϵB, and
extremely small ejecta mass. Given these limitations
and the fact that we studied only two macronova events,
provides further motivation to undertake a large cam-
paign of carefully designed late-time radio observations
of sGRBs.

Horesh, Hotokezaka, Piran et al. (2016) 
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Fig. 1.— Predictions of the radio flux from a macronova (including the magnetar model). The predictions are for the macronova
candidates GRB060614 (top panel) and GRB130603B (bottom panel) at the times we performed our radio observations (see §2 for
details). The radio flux of each event is calculated for a different combination of the kinetic energy and ISM density. We assume here
the fiducial value of the ejecta mass in the magnetar model of Mej = 0.01M⊙. We also assume ϵe = 0.1 and use both ϵB = 0.1 (left
panel) and ϵB = 0.01 (right panel). The dashed white line represent the fiducial value of the kinetic energy in the magnetar model,
Ek = 3× 1052 erg. The solid white lines represent our observational limits. The arrows represent the ISM density value (or value range)
measured based on the observed afterglow properties (see §4).

this density and other afterglow parameters (in particu-
lar with ϵB). For example, Fong et al. (2014) analyzed
X-ray, optical and radio observations of the afterglow of
GRB130603B. They find that the possible circumburst
density ranges from 0.005 to 30 cm−3. This large range
of uncertainty demonstrates the difficulty in estimating
the density even when afterglow information is avail-
able in three bands. Xu et al. (2009) have analyzed the
afterglow of GRB060614. They find that a density of
0.04 cm−3 is consistent with the data but they do not
try to bracket it. The range of values of the ISM densi-
ties for both GRB130603B and GRB060614 are within
the range that we have discussed here, and are both suf-
ficiently large to rule out the canonical magnetar model.
In light of the uncertainty in the ISM density and

the microphysical parameters, we present in Figure 3
different areas in the Mej - E phase space that can be

ruled out for various ISM density and ϵB values. This
large phase space, as in Figure 1, accounts not only for
the magnetar scenario (discussed below) but also for the
cases where there is no additional energy injection such
as the “standard” non-relativistic macronova scenario
presented in Nakar & Piran (2011).
Assuming that a magnetar output energy is 3 ×

1052 erg, then even for a very low ISM density n =
0.001 cm−3 and for a relatively low energy conversion of
shockwave energy to magnetic fields, ϵB ∼ 0.01, the ex-
pected radio signal at the time of our radio observations
for both events are above our detection limits. Given
that we did not detect any radio emission, this rules
out the fiducial magnetar model for macronova events
associated with GRBs.
It is worth mentioning that the above conclusion is

based on the assumption of spherical symmetry. Devia-
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Fig. 1.— Predictions of the radio flux from a macronova (including the magnetar model). The predictions are for the macronova

candidates GRB060614 (top panel) and GRB130603B (bottom panel) at the times we performed our radio observations (see §2 for
details). The radio flux of each event is calculated for a different combination of the kinetic energy and ISM density. We assume here
the fiducial value of the ejecta mass in the magnetar model of Mej = 0.01M⊙. We also assume ϵe = 0.1 and use both ϵB = 0.1 (left
panel) and ϵB = 0.01 (right panel). The dashed white line represent the fiducial value of the kinetic energy in the magnetar model,
Ek = 3× 1052 erg. The solid white lines represent our observational limits. The arrows represent the ISM density value (or value range)
measured based on the observed afterglow properties (see §4).
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lar with ϵB). For example, Fong et al. (2014) analyzed
X-ray, optical and radio observations of the afterglow of
GRB130603B. They find that the possible circumburst
density ranges from 0.005 to 30 cm−3. This large range
of uncertainty demonstrates the difficulty in estimating
the density even when afterglow information is avail-
able in three bands. Xu et al. (2009) have analyzed the
afterglow of GRB060614. They find that a density of
0.04 cm−3 is consistent with the data but they do not
try to bracket it. The range of values of the ISM densi-
ties for both GRB130603B and GRB060614 are within
the range that we have discussed here, and are both suf-
ficiently large to rule out the canonical magnetar model.
In light of the uncertainty in the ISM density and

the microphysical parameters, we present in Figure 3
different areas in the Mej - E phase space that can be

ruled out for various ISM density and ϵB values. This
large phase space, as in Figure 1, accounts not only for
the magnetar scenario (discussed below) but also for the
cases where there is no additional energy injection such
as the “standard” non-relativistic macronova scenario
presented in Nakar & Piran (2011).
Assuming that a magnetar output energy is 3 ×

1052 erg, then even for a very low ISM density n =
0.001 cm−3 and for a relatively low energy conversion of
shockwave energy to magnetic fields, ϵB ∼ 0.01, the ex-
pected radio signal at the time of our radio observations
for both events are above our detection limits. Given
that we did not detect any radio emission, this rules
out the fiducial magnetar model for macronova events
associated with GRBs.
It is worth mentioning that the above conclusion is

based on the assumption of spherical symmetry. Devia-
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Fig. 1.— Predictions of the radio flux from a macronova (including the magnetar model). The predictions are for the macronova
candidates GRB060614 (top panel) and GRB130603B (bottom panel) at the times we performed our radio observations (see §2 for
details). The radio flux of each event is calculated for a different combination of the kinetic energy and ISM density. We assume here
the fiducial value of the ejecta mass in the magnetar model of Mej = 0.01M⊙. We also assume ϵe = 0.1 and use both ϵB = 0.1 (left
panel) and ϵB = 0.01 (right panel). The dashed white line represent the fiducial value of the kinetic energy in the magnetar model,
Ek = 3× 1052 erg. The solid white lines represent our observational limits. The arrows represent the ISM density value (or value range)
measured based on the observed afterglow properties (see §4).

this density and other afterglow parameters (in particu-
lar with ϵB). For example, Fong et al. (2014) analyzed
X-ray, optical and radio observations of the afterglow of
GRB130603B. They find that the possible circumburst
density ranges from 0.005 to 30 cm−3. This large range
of uncertainty demonstrates the difficulty in estimating
the density even when afterglow information is avail-
able in three bands. Xu et al. (2009) have analyzed the
afterglow of GRB060614. They find that a density of
0.04 cm−3 is consistent with the data but they do not
try to bracket it. The range of values of the ISM densi-
ties for both GRB130603B and GRB060614 are within
the range that we have discussed here, and are both suf-
ficiently large to rule out the canonical magnetar model.
In light of the uncertainty in the ISM density and

the microphysical parameters, we present in Figure 3
different areas in the Mej - E phase space that can be

ruled out for various ISM density and ϵB values. This
large phase space, as in Figure 1, accounts not only for
the magnetar scenario (discussed below) but also for the
cases where there is no additional energy injection such
as the “standard” non-relativistic macronova scenario
presented in Nakar & Piran (2011).
Assuming that a magnetar output energy is 3 ×

1052 erg, then even for a very low ISM density n =
0.001 cm−3 and for a relatively low energy conversion of
shockwave energy to magnetic fields, ϵB ∼ 0.01, the ex-
pected radio signal at the time of our radio observations
for both events are above our detection limits. Given
that we did not detect any radio emission, this rules
out the fiducial magnetar model for macronova events
associated with GRBs.
It is worth mentioning that the above conclusion is

based on the assumption of spherical symmetry. Devia-

energy in the EM channel Etotal—to constrain several other
properties of the merger product. The parameters tb and Lb
are directly collected from the observed light curves [shown
as pink dashed histograms in Figs. 2(a) and 2(b)]. The total
energy Etotal could be estimated by summing the total
isotropic radiation energy (Erad;iso) and kinetic energy
(EK;iso). The former is derived in the rest-frame 1 −
104 keV using the observed fluence through the k correction
[13,27], and the latter is derived through afterglow modeling
assuming a constant density media with standard parameters
[28,29]. The final distribution of the total released energy in
the EM channel for the selected sample is shown as the pink
dashed histogram in Fig. 2(c).
With the constrained EoS andPi, the SGRB observational

properties can be defined by three parameters of the supra-
massive NSs: the dipolar field strength at the poles Bp, the
ellipticity of the neutron star ϵ, and the emission efficiency η.
Given Pi and Pc, the collapse time distribution is determined
by the spin-down law, which at different epochs may be
dominated by either the EM or the GW energy loss term. If
one turns off the GW spin-down term, one can reproduce the
distributions of tb and Lb, but the distribution of Etotal would
completely deviate from the observations [blue dashed
histogram in Fig. 2(c)]. This conclusion also holds for other
EM spin-down laws other than the dipole spin-down law

(e.g., Ref. [30]). The main reason is that without GWs, most
of the spin energy would have to be released in the EM
channel, which for a millisecond rotator (spin energy is of
the order of several 1052 erg), would greatly exceed the
observed energies of SGRBs. The results therefore demand
significant GW radiation for nascent NSs [31]. We then
allow both GW and EM spin down and search for the
parameter ranges that can simultaneously reproduce all three
distributions (tb, Lb, and Etotal). We search for the parameter
regimes that can satisfy the three observational constraints.
Interestingly, all three parameters Bp, ϵ, and η can be
reasonably constrained. By requiring that the P values of
the Kolmogorov-Smirnov (KS) tests of all three distributions
are larger than 0.05 as the criteria for reproducing the
observations, our Monte Carlo simulations suggest that the
parameters are constrained in the following ranges:
ϵ ¼ 0.004 ∼ 0.007, Bp satisfies a normal distribution of
NðμBp ¼ 1014.8−15.4 G; σBNS ≤ 0.4Þ, and η ¼ 0.4 − 1. The
best P values for the KS tests of the three distributions reach
0.19, 0.97, and 0.45 for tb, Lb and Etot, respectively, for
ϵ ¼ 0.005, Bp ∼ NðμBp ¼ 1015 G; σBNS ¼ 0.2Þ, and η ¼ 1
[32]. The KS test is the poorest for the tb distribution.
However, the observed tb distribution is likely subject to
strong selection effect due to Swift XRT slew time and the
first orbital gap, so that the true distribution is likely wider
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FIG. 2. Comparisons between the observed (pink dashed) and simulated (black) distributions for (a) the break time tb at the end of
internal plateau, (b) the break time luminosity Lb, and (c) the total observed energy Etotal. The parameters in the simulation are
ϵ ¼ 0.005, Bp ∼ NðμBp ¼ 1015 G; σBNS ¼ 0.2Þ, and η ¼ 1. The blue dashed line in panel (c) is an example of when GW spin down is
neglected. Panel (d) shows the fractional energy distributions in the EM, GW, and BH channels.
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The magnetar energy in sGRB 
remnants is much smaller, due to 
GW emission and falling into the BH 

Gao et al. (2016) 
energy in the EM channel Etotal—to constrain several other
properties of the merger product. The parameters tb and Lb
are directly collected from the observed light curves [shown
as pink dashed histograms in Figs. 2(a) and 2(b)]. The total
energy Etotal could be estimated by summing the total
isotropic radiation energy (Erad;iso) and kinetic energy
(EK;iso). The former is derived in the rest-frame 1 −
104 keV using the observed fluence through the k correction
[13,27], and the latter is derived through afterglow modeling
assuming a constant density media with standard parameters
[28,29]. The final distribution of the total released energy in
the EM channel for the selected sample is shown as the pink
dashed histogram in Fig. 2(c).
With the constrained EoS andPi, the SGRB observational

properties can be defined by three parameters of the supra-
massive NSs: the dipolar field strength at the poles Bp, the
ellipticity of the neutron star ϵ, and the emission efficiency η.
Given Pi and Pc, the collapse time distribution is determined
by the spin-down law, which at different epochs may be
dominated by either the EM or the GW energy loss term. If
one turns off the GW spin-down term, one can reproduce the
distributions of tb and Lb, but the distribution of Etotal would
completely deviate from the observations [blue dashed
histogram in Fig. 2(c)]. This conclusion also holds for other
EM spin-down laws other than the dipole spin-down law

(e.g., Ref. [30]). The main reason is that without GWs, most
of the spin energy would have to be released in the EM
channel, which for a millisecond rotator (spin energy is of
the order of several 1052 erg), would greatly exceed the
observed energies of SGRBs. The results therefore demand
significant GW radiation for nascent NSs [31]. We then
allow both GW and EM spin down and search for the
parameter ranges that can simultaneously reproduce all three
distributions (tb, Lb, and Etotal). We search for the parameter
regimes that can satisfy the three observational constraints.
Interestingly, all three parameters Bp, ϵ, and η can be
reasonably constrained. By requiring that the P values of
the Kolmogorov-Smirnov (KS) tests of all three distributions
are larger than 0.05 as the criteria for reproducing the
observations, our Monte Carlo simulations suggest that the
parameters are constrained in the following ranges:
ϵ ¼ 0.004 ∼ 0.007, Bp satisfies a normal distribution of
NðμBp ¼ 1014.8−15.4 G; σBNS ≤ 0.4Þ, and η ¼ 0.4 − 1. The
best P values for the KS tests of the three distributions reach
0.19, 0.97, and 0.45 for tb, Lb and Etot, respectively, for
ϵ ¼ 0.005, Bp ∼ NðμBp ¼ 1015 G; σBNS ¼ 0.2Þ, and η ¼ 1
[32]. The KS test is the poorest for the tb distribution.
However, the observed tb distribution is likely subject to
strong selection effect due to Swift XRT slew time and the
first orbital gap, so that the true distribution is likely wider
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FIG. 2. Comparisons between the observed (pink dashed) and simulated (black) distributions for (a) the break time tb at the end of
internal plateau, (b) the break time luminosity Lb, and (c) the total observed energy Etotal. The parameters in the simulation are
ϵ ¼ 0.005, Bp ∼ NðμBp ¼ 1015 G; σBNS ¼ 0.2Þ, and η ¼ 1. The blue dashed line in panel (c) is an example of when GW spin down is
neglected. Panel (d) shows the fractional energy distributions in the EM, GW, and BH channels.

HE GAO, BING ZHANG, and HOU-JUN LÜ PHYSICAL REVIEW D 93, 044065 (2016)

044065-4

Piran’s talk



EM Counterpart 5: Speculative 
A possible connection with FRBs 

Lorimer’s talk



FRBs vs. GRBs

• Physically related??? 
• Culturally/socially related!

Thornton et al. (2013)



FRBs vs. GRBs

GRBs FRBs

Step one: Are they 
astrophysical?

1967 – 1973 2007 – 2015 

Step two: Where are 
they (distance)?

1973 – 1997 – 2004 2016??

Step three: What make 
them?

1998 – ??? ???

Observationally driven 
Healthy dialog between observers and theorists



FRBs: Where are they?

• Cosmological 
• Extragalactic but not cosmological 
• Galactic



What may make them?  
(An incomplete list)

• 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) 

• BH-BH mergers (charged) (Zhang 2016; Liu et al. 2016) 
• 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) 
• Supergiant radio pulses (Cordes & Wasserman 2015; Connor et al. 2015; Pen & Connor 

2015) – good for the repeating FRB 
• Magnetar giant flare radio bursts (Popov et al. 2007, 2013; Kulkarni et al. 2014; Katz 

2015) 
• 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) 
• Flaring stars (Loeb et al. 2013; Maoz et al. 2015) 
• Axion miniclusters, axion stars (Tkachev 2015; Iwazaki 2015) 
• NS-Asteroid collisions (Geng & Huang 2015; Dai et al. (repeaters)) 
• Quark Nova (Shand et al. 2015) 
• Dark matter-induced collapse of NSs (Fuller & Ott 2015) 
• Higgs portals to pulsar collapse (Bramante & Elahi 2015) 
……



Lessons from GRBs
• Discovered in late 1960s 
• Didn’t know where they 

come from 
• 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

Star formation Compact star merger

FRBs

Repeating 
Nearby??

Catastrophic?? 
Cosmological??

repeater

Sub-classes??

High event rate: Easy to make! More than one way to make!



Blitzar: Magnetic hair ejection of 
neutron star implosion

Falcke & Rezzolla (2014): 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

Blitzar:%Magnetic%hair%ejection%of%
neutron%star%implosion

Falcke & Rezzolla (2014): 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

Rezzolla’s talk



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



BH-BH mergers

• Two naked BHs: No EM counterpart expected! 
• EM counterparts can be generated if at least 

one BH can retain matter or EM fields 



GRB following GW 150914? (GW150914-GBM)

Abbott et al. 2016)

Connaughton et al. (2016)

• Weak burst above 50 keV 
• Onset time: 0.4 s after GW 150914 
• Duration 1s 
• Direction broadly consistent 
• False alarm probability 0.0022 (2.9 σ)  
• L ~  

4 Zhang

Several observational time scales can be estimated as fol-
lows:

• The delay time between the onset of the GRB and
the final GW chirp signal is

�t
GRB

⇠ (t
1

� ⌧
1.5)(1 + z). (19)

• 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

R
1

⇠ 2�2

1

ct
GRB

= (2.4⇥ 1014 cm)

✓
�
1

100

◆
2

✓
�t

GRB

0.4 s

◆
.

(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.

R
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⇠ 2�2

2
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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.

but see Greiner et al. (2016); Xiong (2016)
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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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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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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
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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

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
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G
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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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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

3 33 3
,15 NS,6
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The orbital decay rate due to GW radiation can be generally
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+e e73 24 37 962 4( ) ( ) , where % = M M M1 2 tot is the chirp
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Assuming M1=M2 for simplicity and adopting e=0, which
is valid before the coalescence, one gets
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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 parametersq̂
and â only. Noticing that the GW radiation power can be
estimated as
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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 =

/ /ò p q m q q pm=
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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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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.
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BH MERGER SYSTEM

For a charged BH, one can define the Schwarzschild radius
and the Reissner–Nordström radius
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with the dimensionless parameter �q 1ˆ . For simplicity, in the
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Charged BH merger model 
(Zhang, ApJ, 827, L31) 

Part 1: Consequence of charges



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

Part 2: How to make and maintain charged BHs?

rotating magnetised starnonrotating magnetised star

B-field

Poynting flux

Most, Nathanail, LR 2016
Overall dynamics

Mosta, Nathanail & Rezzolla (2016) Rezzolla’s talk



Mosta, Nathanail & Rezzolla (2016) Rezzolla’s talk

rotating magnetised starnonrotating magnetised star

B-field

Poynting flux

Most, Nathanail, LR 2016
Overall dynamics



Rezzolla’s talk

Collapse to what?

1

2
Fµ⌫Fµ⌫ = B2 �E2 = 0

nonrotating magnetised star

1

2
Fµ⌫Fµ⌫ = B2 �E2 < 0

rotating magnetised star

collapse to Schwarzschild BH collapse to Kerr-Newman BH

Nathanail, Most, LR 2016



Bottom line
• A rotating magnet is charged and 

remain charged - a pulsar is charged



Charged pulsars
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The magnetic fields inside/outside a NS is 
co-rotating with the NS, so charged 

When a NS collapses to a BH, the BH is a 
spinning, charged BH - Kerr Newman 



How long does a Kerr-Newman BH sustain?

I don’t know. More work is needed. 

But not easy to neutralize because of the 
pulsar-like magnetosphere activities. 

If the BHs merge before discharged, then 
an FRB or even a GRB will be produced

3. ON THE CHARGE OF BHs

It is well known that a rotating point magnetic dipole carries
a net charge (Cohen et al. 1975; Michel 1982). In the physical
model of pulsars, the difficulty was not how to make a charged
neutron star, but rather how to designate a return current to
make a neutron star neutral (which is not necessary in pulsar
emission models; Michel 1982). We assume that the charged
BHs in our model each possess a magnetosphere with a dipole
configuration. The magnetosphere may be attained in the not-
too-distant past when the BH went through a magnetically
arrested accretion phase (e.g., Tchekhovskoy et al. 2011) and
the BH is still undergoing slow “balding” (Lyutikov &
McKinney 2011). Alternatively, the magnetosphere may be
maintained by a debris disk that is circulating the BH at the
time of coalescence (e.g., Li et al. 2016; Perna et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

* *
m

~
W

Q
c3

, 13( )

where μ* (to be differentiated from μ in Equation (4)) is the
magnetic moment of the BH dipole, and Ω* is the angular velocity
of the BH magnetosphere. This may be derived according to the
Gauss’s law for a point dipole (Michel 1982) or through a volume
integration of a Goldreich–Julian magnetosphere.

According to Equations (2) and (13), the rotating magnetic
point dipole of individual BHs with dimensionless charge q̂
should satisfy
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For comparison, a millisecond pulsar has μ*Ω*∼10
37 G cm3 s−1.

The spin-down luminosity of individual BHs with magnetic
dipoles may be estimated as * * *
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One can see that even though L*?Lw when �a 1ˆ , at
coalescence ( <a 1ˆ ) L* becomes smaller than Lw. In the slow-
balding scenario of Lyutikov & McKinney (2011), the field
would evolve into a monopole configuration. In this case, one
may estimate * * *

m~ W ~L r c c G qs
2 5 2( ) ( ) ˆ . This gives
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Again thanks to the strong dependence of Lw on â, L* becomes
negligibly small compared with Lw at <a 1ˆ .

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in the inner
magnetosphere through a coherent “bunching” curvature radiation
mechanism by the pairs streaming out from the magnetosphere,
similar to the case of radio pulsars. The timescale (Equation (12))
sets an upper limit on the duration of an FRB. To reproduce a
typical FRB luminosity LFRB∼1041 erg s−1, the requirement of
Lw>LFRB (from Equation (7)) gives > ´ -q 3 10 8ˆ for =a 1ˆ
and > ´ -q 2 10 10ˆ for =a 0.5ˆ .

The magnetic field configuration of the dynamical magneto-
sphere is complicated. For simplicity, we adopt a dipole field as

an order of magnitude estimate. Right before the coalescence,
one has = = ´ :a GM c a M M a4 1.8 10 cm 302 7( ) ˆ ( )( ) ˆ and
.a 1ˆ . For a dipole field line q=r r sine

2 , one may take re∼a
right before the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
ρ∼(0.3–0.6)re in a wide range of r, one may approximate
r ~ ~ ´ :r M M a0.45 8 10 cm 30e

6( )( ) ˆ. The typical curva-
ture radiation frequency of the pairs is
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where the Lorentz factor of the pairs γe is normalized to 100,
the nominal Lorentz factor value of pairs from a pulsar polar
cap cascade (e.g., Zhang & Harding 2000). This frequency
is the typical frequency of the observed FRBs. The
curvature radiation emission power of an electron is =Pe
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2 ( ) ˆ ( ) . For the
bunching coherent mechanism (Ruderman & Sutherland 1975),
the total emission power is =P N N Pe ebunch

2 , where Ne is the
number of electrons in each bunch, Nbunch is the number of
bunches, with the total number of electrons defined by

=N N Netot bunch . The minimum number of electrons that are
needed to reproduce the typical luminosity of an FRB,

= -L L10 erg sFRB
41 1

FRB,41, can be derived by assuming that
Nbunch=1 and Ntot=Ne so that Ntot,min=(LFRB/Pe)1/2

;3.7×1027 g-
:a M M L10 e,2

2
FRB,41
1 2ˆ ( ) . The total number of

emitting electrons in the magnetosphere may be estimated as
~ ´ -�N Q e q2.1 10tot

31
9( ) , which is�Ntot,min even if q̂ is

normalized to 10−9. This suggests that energetically the
bunching mechanism is able to power an FRB in such a
transient magnetosphere.
The pair cascade process only converts a small fraction of

the wind energy into radio emission. The dominant energy
component in the outflow would be in the form of a Poynting
flux. The EM energy is entrained in the outflow and would be
dissipated at a large radius through magnetic reconnection
triggered by internal collision (Zhang & Yan 2011) or current
instabilities (Lyutikov & Blandford 2003). Assuming that GWs
travel with the speed of light,5 the FRB is essentially
simultaneous with the GW chirp signal, but the γ-ray emission
would be slightly delayed with respect to the GW chirp signal
due to the slightly smaller speed of the Poynting flux with
respect to the speed of light. Suppose that the GRB emission
starts at radius R1 with Lorentz factor Γ1 and ends at radius R2
with Lorentz factor Γ2, one may define

=
G

=
G
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c
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c2
,

2
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Several observational timescales can be estimated as follows:

1. The delay time between the onset of the GRB and the
final GW chirp signal is

tD ~ - +t t z1 . 19GRB 1 1.5( )( ) ( )

5 The GW150914 indeed leads the putative associated GRB by 0.4 s
(Connaughton et al. 2016). This would give the tightest constraint on Einstein’s
Equivalent Principle to date (Wu et al. 2016).
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3. ON THE CHARGE OF BHs

It is well known that a rotating point magnetic dipole carries
a net charge (Cohen et al. 1975; Michel 1982). In the physical
model of pulsars, the difficulty was not how to make a charged
neutron star, but rather how to designate a return current to
make a neutron star neutral (which is not necessary in pulsar
emission models; Michel 1982). We assume that the charged
BHs in our model each possess a magnetosphere with a dipole
configuration. The magnetosphere may be attained in the not-
too-distant past when the BH went through a magnetically
arrested accretion phase (e.g., Tchekhovskoy et al. 2011) and
the BH is still undergoing slow “balding” (Lyutikov &
McKinney 2011). Alternatively, the magnetosphere may be
maintained by a debris disk that is circulating the BH at the
time of coalescence (e.g., Li et al. 2016; Perna et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

* *
m

~
W

Q
c3

, 13( )

where μ* (to be differentiated from μ in Equation (4)) is the
magnetic moment of the BH dipole, and Ω* is the angular velocity
of the BH magnetosphere. This may be derived according to the
Gauss’s law for a point dipole (Michel 1982) or through a volume
integration of a Goldreich–Julian magnetosphere.

According to Equations (2) and (13), the rotating magnetic
point dipole of individual BHs with dimensionless charge q̂
should satisfy
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For comparison, a millisecond pulsar has μ*Ω*∼10
37 G cm3 s−1.

The spin-down luminosity of individual BHs with magnetic
dipoles may be estimated as * * *

m~ WL c2 32 4 3( ) ( ). This gives
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One can see that even though L*?Lw when �a 1ˆ , at
coalescence ( <a 1ˆ ) L* becomes smaller than Lw. In the slow-
balding scenario of Lyutikov & McKinney (2011), the field
would evolve into a monopole configuration. In this case, one
may estimate * * *

m~ W ~L r c c G qs
2 5 2( ) ( ) ˆ . This gives
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Again thanks to the strong dependence of Lw on â, L* becomes
negligibly small compared with Lw at <a 1ˆ .

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in the inner
magnetosphere through a coherent “bunching” curvature radiation
mechanism by the pairs streaming out from the magnetosphere,
similar to the case of radio pulsars. The timescale (Equation (12))
sets an upper limit on the duration of an FRB. To reproduce a
typical FRB luminosity LFRB∼1041 erg s−1, the requirement of
Lw>LFRB (from Equation (7)) gives > ´ -q 3 10 8ˆ for =a 1ˆ
and > ´ -q 2 10 10ˆ for =a 0.5ˆ .

The magnetic field configuration of the dynamical magneto-
sphere is complicated. For simplicity, we adopt a dipole field as

an order of magnitude estimate. Right before the coalescence,
one has = = ´ :a GM c a M M a4 1.8 10 cm 302 7( ) ˆ ( )( ) ˆ and
.a 1ˆ . For a dipole field line q=r r sine

2 , one may take re∼a
right before the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
ρ∼(0.3–0.6)re in a wide range of r, one may approximate
r ~ ~ ´ :r M M a0.45 8 10 cm 30e

6( )( ) ˆ. The typical curva-
ture radiation frequency of the pairs is

⎛
⎝⎜

⎞
⎠⎟n

p r
g g= ´ -

-

�
:

c
a

M
M

3
4

0.9 10 Hz
10

, 17e e
3 9 1

1

,2
3( ) ˆ ( )

where the Lorentz factor of the pairs γe is normalized to 100,
the nominal Lorentz factor value of pairs from a pulsar polar
cap cascade (e.g., Zhang & Harding 2000). This frequency
is the typical frequency of the observed FRBs. The
curvature radiation emission power of an electron is =Pe
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2 ( ) ˆ ( ) . For the
bunching coherent mechanism (Ruderman & Sutherland 1975),
the total emission power is =P N N Pe ebunch

2 , where Ne is the
number of electrons in each bunch, Nbunch is the number of
bunches, with the total number of electrons defined by

=N N Netot bunch . The minimum number of electrons that are
needed to reproduce the typical luminosity of an FRB,

= -L L10 erg sFRB
41 1

FRB,41, can be derived by assuming that
Nbunch=1 and Ntot=Ne so that Ntot,min=(LFRB/Pe)1/2

;3.7×1027 g-
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FRB,41
1 2ˆ ( ) . The total number of

emitting electrons in the magnetosphere may be estimated as
~ ´ -�N Q e q2.1 10tot

31
9( ) , which is�Ntot,min even if q̂ is

normalized to 10−9. This suggests that energetically the
bunching mechanism is able to power an FRB in such a
transient magnetosphere.
The pair cascade process only converts a small fraction of

the wind energy into radio emission. The dominant energy
component in the outflow would be in the form of a Poynting
flux. The EM energy is entrained in the outflow and would be
dissipated at a large radius through magnetic reconnection
triggered by internal collision (Zhang & Yan 2011) or current
instabilities (Lyutikov & Blandford 2003). Assuming that GWs
travel with the speed of light,5 the FRB is essentially
simultaneous with the GW chirp signal, but the γ-ray emission
would be slightly delayed with respect to the GW chirp signal
due to the slightly smaller speed of the Poynting flux with
respect to the speed of light. Suppose that the GRB emission
starts at radius R1 with Lorentz factor Γ1 and ends at radius R2
with Lorentz factor Γ2, one may define
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Several observational timescales can be estimated as follows:

1. The delay time between the onset of the GRB and the
final GW chirp signal is

tD ~ - +t t z1 . 19GRB 1 1.5( )( ) ( )

5 The GW150914 indeed leads the putative associated GRB by 0.4 s
(Connaughton et al. 2016). This would give the tightest constraint on Einstein’s
Equivalent Principle to date (Wu et al. 2016).
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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.

3. ON THE CHARGE OF BHS

It is well known that a rotating point magnetic dipole
carries a net charge (Cohen et al. 1975; Michel 1982).
In the physical model of pulsars, the di�culty was not
how to make a charged neutron star, but rather how

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.

GRBs from BH-BH mergers 3

to designate a return current to make a neutron star
neutral (which is not necessary in pulsar emission mod-
els) (Michel 1982). We assume that the charged BHs
in our model each possesses a magnetosphere with a
dipole configuration. The magnetosphere may be at-
tained in the not-too-distant past when the BH went
through a magnetically arrested accretion phase (e.g.
Tchekhovskoy et al. 2011), and the BH is still under-
going slow “balding” (Lyutikov & McKinney 2011). Al-
ternatively, the magnetosphere may be maintained by a
debris disk that is circulating the BH at the time of co-
alescence (e.g. Perna et al. 2016; Li et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

Q ⇠ ⌦⇤µ⇤
3c

, (13)

where µ⇤ (to be di↵erentiated from µ in Eq.(4)) is the
magnetic moment of the BH dipole, and ⌦⇤ is the angular
velocity of the BH magnetosphere. This may be derived
according to the Gauss’s law for a point dipole (p. 24
of Michel 1982), or through a volume integration of a
Goldreich-Julian magnetosphere.
According to Eqs. (2) and (13), the rotating magnetic

point dipole of individual BHs with dimensionless charge
q̂ should satisfy

µ⇤⌦⇤ ⇠ (9⇥ 1036 G cm3 s�1)

✓
M

10M�

◆
q̂�5

. (14)

For comparison, a millisecond pulsar has µ⇤⌦⇤ ⇠
1037 G cm3 s�1.
The spin-down luminosity of individual BHs with mag-

netic dipoles may be estimated as L⇤ ⇠ (2µ2

⇤⌦
4

⇤)/(3c
3).

This gives
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One can see that even though L⇤ � Lw when â � 1, at
coalescence (â < 1), L⇤ becomes smaller than Lw. In the
slow-balding scenario of Lyutikov & McKinney (2011),
the field would evolve into a monopole configuration.
In this case, one may estimate L⇤ ⇠ (⌦⇤µ⇤/rs)2/c ⇠
(c5/G)q̂2. This gives

L⇤
Lw

⇠ 2400â15 ⇠ 0.07

✓
â

0.5

◆
15

. (16)

Again thanks to the strong dependence of Lw on â, L⇤
becomes negligibly small compared with Lw at â < 1.

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in
the inner magnetosphere through coherent “bunching”
curvature radiation mechanism by the pairs streaming
out from the magnetosphere, similar to the case of ra-
dio pulsars. The time scale (Eq.(12)) sets an upper
limit on the duration of an FRB. To reproduce a typical
FRB luminosity L

FRB

⇠ 1041 erg/s, the requirement of
Lw > L

FRB

(from Eq.(7)) gives q̂ > 3 ⇥ 10�8 for â = 1
and q̂ > 2⇥ 10�10 for â = 0.5.
The magnetic field configuration of the dynamical mag-

netosphere is complicated. For simplicity, we adopt a
dipole field as an order of magnitude estimate. Right

before the coalescence, one has a = (4GM/c2)â =
(1.8 ⇥ 107 cm)(M/30M�)â and â � 1. For a dipole
field line r = re sin

2 ✓, one may take re ⇠ a right be-
fore the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
⇢ ⇠ (0.3 � 0.6)re in a wide range of r, one may ap-
proximate ⇢ ⇠ 0.45re ⇠ (8 ⇥ 106 cm)(M/30M�)â. The
typical curvature radiation frequency of the pairs is

⌫ =
3

4⇡

c

⇢
�3

e ' (0.9⇥109 Hz) â�1

✓
M

10M�

◆�1

�3

e,2, (17)

where the Lorentz factor of the pairs �e is normal-
ized to 100, the nominal Lorentz factor value of pairs
from a pulsar polar cap cascade (e.g. Zhang & Hard-
ing 2000). This frequency is the typical frequency of
the observed FRBs. The curvature radiation emis-
sion power of an electron is Pe = 2

3

e2c
⇢2 �4

e ' (7.2 ⇥
10�15 erg s�1) â�2(M/10M�)�2�4

e,2. For the bunching
coherent mechanism (Ruderman & Sutherland 1975), the
total emission power is P = N

bunch

N2

ePe, where Ne is
the number of electrons in each bunch, N

bunch

is the
number of bunches, with the total number of electrons
defined by N

tot

= N
bunch

Ne. The minimum number
of electrons that are needed to reproduce the typical
luminosity of an FRB, L

FRB

= 1041 erg s�1 L
FRB,41,

can be derived by assuming that N
bunch

= 1 and
N

tot

= Ne, so that N
tot,min

= (L
FRB

/Pe)1/2 ' 3.7 ⇥
1027 â(M/10M�)�

�2

e,2L
1/2
FRB,41. The total number of emit-

ting electrons in the magnetosphere may be estimated as
N

tot

⇠ Q/e ' (2.1⇥ 1031)q�9

, which is � N
tot,min

even
if q̂ is normalized to 10�9. This suggests that energeti-
cally the bunching mechanism is able to power an FRB
in such a transient magnetosphere.
The pair cascade process only converts a small frac-

tion of the wind energy into radio emission. The dom-
inant energy component in the outflow would be in the
form of a Poynting flux. The EM energy is entrained
in the outflow and would be dissipated at a large radius
through magnetic reconnection triggered by internal col-
lision or current instabilities (Zhang & Yan 2011; Lyu-
tikov & Blandford 2003). Assuming that gravitational
waves (GWs) travel with the speed of light5, the FRB is
essentially simultaneous with the GW chirp signal, but
the �-ray emission would be slightly delayed with respect
to the GW chirp signal due to the slightly smaller speed
of the Poynting flux with respect to the speed of light.
Suppose that the GRB emission starts at radius R

1

with
Lorentz factor �

1

and ends at radius R
2

with Lorentz
factor �

2

, one may define

t
1

=
R

1

2�2

1

c
, t

2

=
R

2

2�2

2

c
. (18)

Several observational time scales can be estimated as fol-
lows:

• The delay time between the onset of the GRB and
the final GW chirp signal is

�t
GRB

⇠ (t
1

� ⌧
1.5)(1 + z). (19)

5 The GW 150914 indeed leads the putative associated GRB
by 0.4 s (Connaughton et al. 2016). This would give the tightest
constraint on the Einstein’s Equivalent Principle (EEP) to date
(Wu et al. 2016).

2 Zhang

where I = 2Q/P is the current, and

P =
2⇡p
2GM

a3/2 = 8
p
2⇡

GM

c3
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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
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is the chirp mass,
and M
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= M
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is the total mass of the system.
Assuming M

1
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2

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

da

dt
= �2

5

c
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. (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.
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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
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' (3.6⇥ 1056 erg s�1)â�5, (8)

one can also write

Lw ⇠ 0.4q̂2L
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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
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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
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cq̂2â�7 ' ⇡2

200

c5

G
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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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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.

3. ON THE CHARGE OF BHS

It is well known that a rotating point magnetic dipole
carries a net charge (Cohen et al. 1975; Michel 1982).
In the physical model of pulsars, the di�culty was not
how to make a charged neutron star, but rather how

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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to designate a return current to make a neutron star
neutral (which is not necessary in pulsar emission mod-
els) (Michel 1982). We assume that the charged BHs
in our model each possesses a magnetosphere with a
dipole configuration. The magnetosphere may be at-
tained in the not-too-distant past when the BH went
through a magnetically arrested accretion phase (e.g.
Tchekhovskoy et al. 2011), and the BH is still under-
going slow “balding” (Lyutikov & McKinney 2011). Al-
ternatively, the magnetosphere may be maintained by a
debris disk that is circulating the BH at the time of co-
alescence (e.g. Perna et al. 2016; Li et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

Q ⇠ ⌦⇤µ⇤
3c

, (13)

where µ⇤ (to be di↵erentiated from µ in Eq.(4)) is the
magnetic moment of the BH dipole, and ⌦⇤ is the angular
velocity of the BH magnetosphere. This may be derived
according to the Gauss’s law for a point dipole (p. 24
of Michel 1982), or through a volume integration of a
Goldreich-Julian magnetosphere.
According to Eqs. (2) and (13), the rotating magnetic

point dipole of individual BHs with dimensionless charge
q̂ should satisfy

µ⇤⌦⇤ ⇠ (9⇥ 1036 G cm3 s�1)

✓
M

10M�

◆
q̂�5

. (14)

For comparison, a millisecond pulsar has µ⇤⌦⇤ ⇠
1037 G cm3 s�1.
The spin-down luminosity of individual BHs with mag-

netic dipoles may be estimated as L⇤ ⇠ (2µ2
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4

⇤)/(3c
3).

This gives
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One can see that even though L⇤ � Lw when â � 1, at
coalescence (â < 1), L⇤ becomes smaller than Lw. In the
slow-balding scenario of Lyutikov & McKinney (2011),
the field would evolve into a monopole configuration.
In this case, one may estimate L⇤ ⇠ (⌦⇤µ⇤/rs)2/c ⇠
(c5/G)q̂2. This gives

L⇤
Lw

⇠ 2400â15 ⇠ 0.07

✓
â

0.5

◆
15

. (16)

Again thanks to the strong dependence of Lw on â, L⇤
becomes negligibly small compared with Lw at â < 1.

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in
the inner magnetosphere through coherent “bunching”
curvature radiation mechanism by the pairs streaming
out from the magnetosphere, similar to the case of ra-
dio pulsars. The time scale (Eq.(12)) sets an upper
limit on the duration of an FRB. To reproduce a typical
FRB luminosity L

FRB

⇠ 1041 erg/s, the requirement of
Lw > L

FRB

(from Eq.(7)) gives q̂ > 3 ⇥ 10�8 for â = 1
and q̂ > 2⇥ 10�10 for â = 0.5.
The magnetic field configuration of the dynamical mag-

netosphere is complicated. For simplicity, we adopt a
dipole field as an order of magnitude estimate. Right

before the coalescence, one has a = (4GM/c2)â =
(1.8 ⇥ 107 cm)(M/30M�)â and â � 1. For a dipole
field line r = re sin

2 ✓, one may take re ⇠ a right be-
fore the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
⇢ ⇠ (0.3 � 0.6)re in a wide range of r, one may ap-
proximate ⇢ ⇠ 0.45re ⇠ (8 ⇥ 106 cm)(M/30M�)â. The
typical curvature radiation frequency of the pairs is

⌫ =
3

4⇡

c

⇢
�3

e ' (0.9⇥109 Hz) â�1

✓
M

10M�

◆�1

�3

e,2, (17)

where the Lorentz factor of the pairs �e is normal-
ized to 100, the nominal Lorentz factor value of pairs
from a pulsar polar cap cascade (e.g. Zhang & Hard-
ing 2000). This frequency is the typical frequency of
the observed FRBs. The curvature radiation emis-
sion power of an electron is Pe = 2

3

e2c
⇢2 �4

e ' (7.2 ⇥
10�15 erg s�1) â�2(M/10M�)�2�4

e,2. For the bunching
coherent mechanism (Ruderman & Sutherland 1975), the
total emission power is P = N

bunch

N2

ePe, where Ne is
the number of electrons in each bunch, N

bunch

is the
number of bunches, with the total number of electrons
defined by N

tot

= N
bunch

Ne. The minimum number
of electrons that are needed to reproduce the typical
luminosity of an FRB, L

FRB

= 1041 erg s�1 L
FRB,41,

can be derived by assuming that N
bunch

= 1 and
N

tot

= Ne, so that N
tot,min

= (L
FRB

/Pe)1/2 ' 3.7 ⇥
1027 â(M/10M�)�

�2

e,2L
1/2
FRB,41. The total number of emit-

ting electrons in the magnetosphere may be estimated as
N

tot

⇠ Q/e ' (2.1⇥ 1031)q�9

, which is � N
tot,min

even
if q̂ is normalized to 10�9. This suggests that energeti-
cally the bunching mechanism is able to power an FRB
in such a transient magnetosphere.
The pair cascade process only converts a small frac-

tion of the wind energy into radio emission. The dom-
inant energy component in the outflow would be in the
form of a Poynting flux. The EM energy is entrained
in the outflow and would be dissipated at a large radius
through magnetic reconnection triggered by internal col-
lision or current instabilities (Zhang & Yan 2011; Lyu-
tikov & Blandford 2003). Assuming that gravitational
waves (GWs) travel with the speed of light5, the FRB is
essentially simultaneous with the GW chirp signal, but
the �-ray emission would be slightly delayed with respect
to the GW chirp signal due to the slightly smaller speed
of the Poynting flux with respect to the speed of light.
Suppose that the GRB emission starts at radius R

1

with
Lorentz factor �

1

and ends at radius R
2

with Lorentz
factor �

2

, one may define

t
1

=
R

1

2�2

1

c
, t

2

=
R

2

2�2

2

c
. (18)

Several observational time scales can be estimated as fol-
lows:

• The delay time between the onset of the GRB and
the final GW chirp signal is

�t
GRB

⇠ (t
1

� ⌧
1.5)(1 + z). (19)

5 The GW 150914 indeed leads the putative associated GRB
by 0.4 s (Connaughton et al. 2016). This would give the tightest
constraint on the Einstein’s Equivalent Principle (EEP) to date
(Wu et al. 2016).

GRBs from BH-BH mergers 3

to designate a return current to make a neutron star
neutral (which is not necessary in pulsar emission mod-
els) (Michel 1982). We assume that the charged BHs
in our model each possesses a magnetosphere with a
dipole configuration. The magnetosphere may be at-
tained in the not-too-distant past when the BH went
through a magnetically arrested accretion phase (e.g.
Tchekhovskoy et al. 2011), and the BH is still under-
going slow “balding” (Lyutikov & McKinney 2011). Al-
ternatively, the magnetosphere may be maintained by a
debris disk that is circulating the BH at the time of co-
alescence (e.g. Perna et al. 2016; Li et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

Q ⇠ ⌦⇤µ⇤
3c

, (13)

where µ⇤ (to be di↵erentiated from µ in Eq.(4)) is the
magnetic moment of the BH dipole, and ⌦⇤ is the angular
velocity of the BH magnetosphere. This may be derived
according to the Gauss’s law for a point dipole (p. 24
of Michel 1982), or through a volume integration of a
Goldreich-Julian magnetosphere.
According to Eqs. (2) and (13), the rotating magnetic

point dipole of individual BHs with dimensionless charge
q̂ should satisfy

µ⇤⌦⇤ ⇠ (9⇥ 1036 G cm3 s�1)
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For comparison, a millisecond pulsar has µ⇤⌦⇤ ⇠
1037 G cm3 s�1.
The spin-down luminosity of individual BHs with mag-

netic dipoles may be estimated as L⇤ ⇠ (2µ2
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This gives
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One can see that even though L⇤ � Lw when â � 1, at
coalescence (â < 1), L⇤ becomes smaller than Lw. In the
slow-balding scenario of Lyutikov & McKinney (2011),
the field would evolve into a monopole configuration.
In this case, one may estimate L⇤ ⇠ (⌦⇤µ⇤/rs)2/c ⇠
(c5/G)q̂2. This gives
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Again thanks to the strong dependence of Lw on â, L⇤
becomes negligibly small compared with Lw at â < 1.

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in
the inner magnetosphere through coherent “bunching”
curvature radiation mechanism by the pairs streaming
out from the magnetosphere, similar to the case of ra-
dio pulsars. The time scale (Eq.(12)) sets an upper
limit on the duration of an FRB. To reproduce a typical
FRB luminosity L

FRB

⇠ 1041 erg/s, the requirement of
Lw > L

FRB

(from Eq.(7)) gives q̂ > 3 ⇥ 10�8 for â = 1
and q̂ > 2⇥ 10�10 for â = 0.5.
The magnetic field configuration of the dynamical mag-

netosphere is complicated. For simplicity, we adopt a
dipole field as an order of magnitude estimate. Right

before the coalescence, one has a = (4GM/c2)â =
(1.8 ⇥ 107 cm)(M/30M�)â and â � 1. For a dipole
field line r = re sin

2 ✓, one may take re ⇠ a right be-
fore the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
⇢ ⇠ (0.3 � 0.6)re in a wide range of r, one may ap-
proximate ⇢ ⇠ 0.45re ⇠ (8 ⇥ 106 cm)(M/30M�)â. The
typical curvature radiation frequency of the pairs is
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where the Lorentz factor of the pairs �e is normal-
ized to 100, the nominal Lorentz factor value of pairs
from a pulsar polar cap cascade (e.g. Zhang & Hard-
ing 2000). This frequency is the typical frequency of
the observed FRBs. The curvature radiation emis-
sion power of an electron is Pe = 2
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coherent mechanism (Ruderman & Sutherland 1975), the
total emission power is P = N
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ePe, where Ne is
the number of electrons in each bunch, N
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is the
number of bunches, with the total number of electrons
defined by N
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ting electrons in the magnetosphere may be estimated as
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, which is � N
tot,min

even
if q̂ is normalized to 10�9. This suggests that energeti-
cally the bunching mechanism is able to power an FRB
in such a transient magnetosphere.
The pair cascade process only converts a small frac-

tion of the wind energy into radio emission. The dom-
inant energy component in the outflow would be in the
form of a Poynting flux. The EM energy is entrained
in the outflow and would be dissipated at a large radius
through magnetic reconnection triggered by internal col-
lision or current instabilities (Zhang & Yan 2011; Lyu-
tikov & Blandford 2003). Assuming that gravitational
waves (GWs) travel with the speed of light5, the FRB is
essentially simultaneous with the GW chirp signal, but
the �-ray emission would be slightly delayed with respect
to the GW chirp signal due to the slightly smaller speed
of the Poynting flux with respect to the speed of light.
Suppose that the GRB emission starts at radius R
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Several observational time scales can be estimated as fol-
lows:

• The delay time between the onset of the GRB and
the final GW chirp signal is

�t
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� ⌧
1.5)(1 + z). (19)

5 The GW 150914 indeed leads the putative associated GRB
by 0.4 s (Connaughton et al. 2016). This would give the tightest
constraint on the Einstein’s Equivalent Principle (EEP) to date
(Wu et al. 2016).
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to designate a return current to make a neutron star
neutral (which is not necessary in pulsar emission mod-
els) (Michel 1982). We assume that the charged BHs
in our model each possesses a magnetosphere with a
dipole configuration. The magnetosphere may be at-
tained in the not-too-distant past when the BH went
through a magnetically arrested accretion phase (e.g.
Tchekhovskoy et al. 2011), and the BH is still under-
going slow “balding” (Lyutikov & McKinney 2011). Al-
ternatively, the magnetosphere may be maintained by a
debris disk that is circulating the BH at the time of co-
alescence (e.g. Perna et al. 2016; Li et al. 2016). The
charge maintained by an astrophysical rotating dipolar
magnetosphere is approximately

Q ⇠ ⌦⇤µ⇤
3c

, (13)

where µ⇤ (to be di↵erentiated from µ in Eq.(4)) is the
magnetic moment of the BH dipole, and ⌦⇤ is the angular
velocity of the BH magnetosphere. This may be derived
according to the Gauss’s law for a point dipole (p. 24
of Michel 1982), or through a volume integration of a
Goldreich-Julian magnetosphere.
According to Eqs. (2) and (13), the rotating magnetic

point dipole of individual BHs with dimensionless charge
q̂ should satisfy
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For comparison, a millisecond pulsar has µ⇤⌦⇤ ⇠
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One can see that even though L⇤ � Lw when â � 1, at
coalescence (â < 1), L⇤ becomes smaller than Lw. In the
slow-balding scenario of Lyutikov & McKinney (2011),
the field would evolve into a monopole configuration.
In this case, one may estimate L⇤ ⇠ (⌦⇤µ⇤/rs)2/c ⇠
(c5/G)q̂2. This gives
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Again thanks to the strong dependence of Lw on â, L⇤
becomes negligibly small compared with Lw at â < 1.

4. RADIO AND GAMMA-RAY EMISSION

In this model, radio emission may be produced in
the inner magnetosphere through coherent “bunching”
curvature radiation mechanism by the pairs streaming
out from the magnetosphere, similar to the case of ra-
dio pulsars. The time scale (Eq.(12)) sets an upper
limit on the duration of an FRB. To reproduce a typical
FRB luminosity L

FRB

⇠ 1041 erg/s, the requirement of
Lw > L

FRB

(from Eq.(7)) gives q̂ > 3 ⇥ 10�8 for â = 1
and q̂ > 2⇥ 10�10 for â = 0.5.
The magnetic field configuration of the dynamical mag-

netosphere is complicated. For simplicity, we adopt a
dipole field as an order of magnitude estimate. Right

before the coalescence, one has a = (4GM/c2)â =
(1.8 ⇥ 107 cm)(M/30M�)â and â � 1. For a dipole
field line r = re sin

2 ✓, one may take re ⇠ a right be-
fore the coalescence (which implies a nearly isotropic
emission beam). Noticing that the curvature radius
⇢ ⇠ (0.3 � 0.6)re in a wide range of r, one may ap-
proximate ⇢ ⇠ 0.45re ⇠ (8 ⇥ 106 cm)(M/30M�)â. The
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where the Lorentz factor of the pairs �e is normal-
ized to 100, the nominal Lorentz factor value of pairs
from a pulsar polar cap cascade (e.g. Zhang & Hard-
ing 2000). This frequency is the typical frequency of
the observed FRBs. The curvature radiation emis-
sion power of an electron is Pe = 2
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, which is � N
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even
if q̂ is normalized to 10�9. This suggests that energeti-
cally the bunching mechanism is able to power an FRB
in such a transient magnetosphere.
The pair cascade process only converts a small frac-

tion of the wind energy into radio emission. The dom-
inant energy component in the outflow would be in the
form of a Poynting flux. The EM energy is entrained
in the outflow and would be dissipated at a large radius
through magnetic reconnection triggered by internal col-
lision or current instabilities (Zhang & Yan 2011; Lyu-
tikov & Blandford 2003). Assuming that gravitational
waves (GWs) travel with the speed of light5, the FRB is
essentially simultaneous with the GW chirp signal, but
the �-ray emission would be slightly delayed with respect
to the GW chirp signal due to the slightly smaller speed
of the Poynting flux with respect to the speed of light.
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Several observational time scales can be estimated as fol-
lows:

• The delay time between the onset of the GRB and
the final GW chirp signal is
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1.5)(1 + z). (19)

5 The GW 150914 indeed leads the putative associated GRB
by 0.4 s (Connaughton et al. 2016). This would give the tightest
constraint on the Einstein’s Equivalent Principle (EEP) to date
(Wu et al. 2016).
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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
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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
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(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
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, consis-
tent with the theory. The total duration is ⌧ = 2t

2
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, 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
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=
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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.

4 Zhang

• 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
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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
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(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
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�t
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, 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
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=
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(4⇡/3)D3

z
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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 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
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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
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gives a constraint on the onset radius of emission

R
1

⇠ 2�2

1

ct
GRB

= (2.4⇥ 1014 cm)

✓
�
1

100

◆
2

✓
�t

GRB

0.4 s

◆
.

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

⇠
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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
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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.

4 Zhang

• The rising time scale of the GRB is defined by

tr ⇠ max(⌧
1.5, t2 � t
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)(1 + z). (20)

• The decay time scale of the GRB is defined by

td ⇠ t
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(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
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' 3.5â15/2⌘�1/2
� ' 0.02

✓
â
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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 ⌧
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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
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, 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
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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
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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.



Charged compact star mergers

• Since NSs do carry a magnetosphere, 
they should be “charged” also 

• The theory applies to NS-NS and NS-BH 
mergers as well – a precursor of NS-NS 
and NS-BH mergers; FRBs could be 
associated with all compact star mergers!



Summary:  
Possible EM counterparts of GW events
• Short GRBs (gamma-rays) and afterglows (multi-

wavelength)  
– NS-NS mergers, BH-NS mergers 
– BH-BH mergers? 

• Kilonova/Macronova/Mergernova (optical/IR) and 
afterglows (multi-wavelength, strongest in radio) 
– BH-NS mergers, NS-NS mergers 
– Enhanced in some NS-NS mergers with a supra-massive/

stable NS 
• Early X-ray emission (X-rays) 

– NS-NS mergers with a supra-massive/stable NS 
• Fast radio bursts (radio) 

– NS-NS mergers with a supra-massive NS 
– Mergers of charged BH-BH systems (also NS-NS, BH-NS?)


