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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) T. Li’s talk



Gravitational waves
• Quadrupole rather than dipole (acceleration 

of acceleration) 

• Astrophysical binaries are natural sources  
• Luminosity (equal masses) 

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

• Amplitude (measured directly)  r -1 
• Speed of light 
• Final frequency

Quadrupole moment tensor:
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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
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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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is a correction factor for eccentricity e, which equals unity when e = 0 (circular
orbit).
In terms orbital angular frequency Ω = (GM/a3)1/2, the GW luminosity can be

written as (?)

LGW =
32

5

c5

G

(

GMcΩ

c3

)10/3

f(e) =
32

5

c5

G

(

GMcωgw

2c3

)10/3

f(e), (12.36)

where

Mc = µ3/5M2/5 =
(m1m2)3/5

(m1 +m2)1/5
(12.37)

is the chirp mass, and

ωgw = 2Ω = 2

(

GM

a3

)1/2

(12.38)

is the angular frequency of the emitted GWs, which is twice of the orbital angu-
lar frequency. Noticing that GMcΩ/c3 is dimensionless, one can see that the GW
luminosity scales with a characteristic luminosity defined by fundamental constants:

LGW,c =
c5

G
≃ 3.6× 1059 erg s−1 ≃ (2.0× 105)M⊙ s−1. (12.39)

For two objects with equal masses, i.e. m1 = m2 = m, one has µ = m/2 and
Mc = m/21/5 ≃ 0.87m. Equation (12.36) can be reduced to

LGW =
2

5

c5

G

(rs
a

)5
f(e), (12.40)

where rs ≡ 2Gm/c2 is the Schwarzschild radius of each mass. One immediate infer-
rence is that the GW luminosity increases rapidly as a decreases, and reaches near
the maximum value (rs/a) approaches unity from below. This explains why BH-BH,
BH-NS, and NS-NS mergers are the brightest GW sources. For two Schwarzschild
BHs, (rs/a) can be as large as 1/2, so that LGW can approach (1/80)LGW,c. For two
maximally spinning BHs, (rs/a) may approach unity, so that LGW can be as large
as (2/5)LGW,c. The radius of a 1.4 M⊙ NS is about 10/(3 × 1.4) ∼ 2.38 times of
Rs, so (rs/a) may approach at most 0.21 before coalescence, so that the maximum
GW luminosity may approach ∼ (1.6 × 10−4)LGW,c. As a result, NS-NS mergers
have weaker GW emission, and hence, can be detected only from a smaller distance
than BH-BH mergers.
The frequency of GW increases rapidly towards the final coalescence, which can

be written as (for e = 0)

fgw(τ) =
ωgw(τ)

2π
=

1

π

(

5

256

1

τ

)3/8(GMc

c3

)−5/8

(12.41)

≃ 134 Hz

(

1.21M⊙

Mc

)5/8(1 s

τ

)3/8

, (12.42)

where τ = tcoa − t is the time before coalescence. In the second equation, Mc =



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) 

• General power sources for 
astrophysical EM radiation 

• Gravitational 
• nuclear 
• rotational (spindown) 
• magnetic



Summary

Three types of merger systems: 
• BH - NS mergers 
• NS - NS mergers 

• BH remnant 
• millisecond magnetar remnant 

• BH - BH mergers 

Four (six) possible EM counterparts: 
• short GRBs and afterglows 
• kilonova / macronova / mergernova and 

afterglows 
• sGRB-less (large viewing angle) X-ray 

emission from magnetar 
• Fast radio bursts? 



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)



NS-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 NS

NS-NS mergers forming a BH: same as BH-NS mergers



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



The Gehrels’ Question:  

Are short GRBs produced by NS-NS mergers or NS-BH mergers?



The Swift breakthrough

A short g-ray burst apparently associated with an
elliptical galaxy at redshift z 5 0.225
N. Gehrels1, C. L. Sarazin2, P. T. O’Brien3, B. Zhang4, L. Barbier1, S. D. Barthelmy1, A. Blustin5, D. N. Burrows6,
J. Cannizzo1,7, J. R. Cummings1,8, M. Goad3, S. T. Holland1,9, C. P. Hurkett3, J. A. Kennea6, A. Levan3,
C. B. Markwardt1,10, K. O. Mason5, P. Meszaros6, M. Page5, D. M. Palmer11, E. Rol3, T. Sakamoto1,8, R. Willingale3,
L. Angelini1,7, A. Beardmore3, P. T. Boyd1,7, A. Breeveld5, S. Campana12, M. M. Chester6, G. Chincarini12,13,
L. R. Cominsky14, G. Cusumano15, M. de Pasquale5, E. E. Fenimore11, P. Giommi16, C. Gronwall6, D. Grupe6,
J. E. Hill6, D. Hinshaw1,17, J. Hjorth18, D. Hullinger1,10, K. C. Hurley19, S. Klose20, S. Kobayashi6, C. Kouveliotou21,
H. A. Krimm1,9, V. Mangano12, F. E. Marshall1, K. McGowan5, A. Moretti12, R. F. Mushotzky1, K. Nakazawa22,
J. P. Norris1, J. A. Nousek6, J. P. Osborne3, K. Page3, A. M. Parsons1, S. Patel23, M. Perri16, T. Poole5, P. Romano12,
P. W. A. Roming6, S. Rosen5, G. Sato22, P. Schady5, A. P. Smale24, J. Sollerman25, R. Starling26, M. Still1,9,
M. Suzuki27, G. Tagliaferri12, T. Takahashi22, M. Tashiro27, J. Tueller1, A. A. Wells3, N. E. White1

& R. A. M. J. Wijers26

Gamma-ray bursts (GRBs) come in two classes1: long (>2 s), soft-
spectrum bursts and short, hard events. Most progress has been
made on understanding the long GRBs, which are typically
observed at high redshift (z < 1) and found in subluminous
star-forming host galaxies. They are likely to be produced in
core-collapse explosions of massive stars2. In contrast, no short
GRB had been accurately (<10 00 ) and rapidly (minutes) located.
Here we report the detection of the X-ray afterglow from—and the
localization of—the short burst GRB 050509B. Its position on the
sky is near a luminous, non-star-forming elliptical galaxy at a
redshift of 0.225, which is the location one would expect3,4 if the
origin of this GRB is through the merger of neutron-star or black-
hole binaries. The X-ray afterglow was weak and faded below the
detection limit within a few hours; no optical afterglow was
detected to stringent limits, explaining the past difficulty in
localizing short GRBs.
The new observations are from the Swift5 satellite, which features

the hard X-ray wide-field Burst Alert Telescope (BAT), and rapid
spacecraft slewing to point the narrow-field X-ray Telescope (XRT)
and the Ultraviolet-optical Telescope (UVOT) at the burst. On 9May
2005 at 04:00:19.23 UT, the BAT triggered and located GRB 050509B
on board6. The BAT location is shown in Fig. 1 (large red circle) and
the light curves in Fig. 2. The event is a single short spike with
duration of 40 ^ 4ms. The burst has a ratio of 50–100 keV to 25–
25 keV fluences of 1.4 ^ 0.5, which is consistent with, but in the soft
portion of, the short/hard population detected by the first extensive

GRB survey made with the Burst and Transient Source Experiment
(BATSE). The 15–150 keV fluence is (9.5 ^ 2.5) £ 1029 erg cm22,
which is the lowest imaged by BAT so far and is just below the short
GRB fluence range detected by BATSE (adjusted for the different
energy ranges of the two instruments).
Swift slewed promptly and XRT started acquiring data 62 s after

the burst (Tþ62 s, where T is the BAT trigger time). Ground-
processed data revealed an uncatalogued X-ray source near the centre
of the BATerror circle containing 11 photons (5.7j significance due
to near-zero background in image) in the first 1,640 s of integration
time. The XRT position is shown with respect to the Digitized Sky
Survey (DSS) field in Fig. 1. A Chandra target-of-opportunity
observation of the XRT error circle was performed on 11 May at
4:00 UT for 50 ks, with no sources detected in the XRT error circle.
The light curve combining BAT, XRTand Chandra data are shown in
Fig. 3. The UVOT observed the field starting at Tþ60 s. No new
optical/ultraviolet sources were found in the XRT error circle to
V-band magnitude . 19.7 for t , 300min.
Swift has provided the first accurate localization of a short GRB.

No optical afterglow was detected to stringent limits (R-band
magnitude . 25 at 25 h; ref. 7). When the XRTerror circle is plotted
on the R-band image we obtained8 with the Very Large Telescope
(VLT), several faint objects are seen in the error circle, some of which
are extended and could be high-redshift galaxies9,10. It is possible the
burst occurred in one of these. However, the centre of the XRTerror
circle lies only 9.8 00 away from the centre of the large E1 elliptical
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galaxy 2MASX J12361286þ2858580 (ref. 10) at a redshift of 0.225
(ref. 11), which is located in the cluster NSC J123610þ285901
(refs 12, 13). This is a luminous giant elliptical galaxy; its 2 Micron
All Sky Survey (2MASS) magnitude of K ¼ 14.1 corresponds to a
luminosity of 4 £ 1011 L( < 3L*, where L( is the luminosity of the
Sun and L* is the luminosity of a typical galaxy, assuming standard
cosmology. Our Chandra image shows that this is the central
dominant galaxy in one of two merging subclusters in this bimodal
cluster. Although caution is always prudent for a posteriori statistics,
the associationwith this galaxy seems unlikely to be coincidental. The
probability of a random location being within 10 00 of a galaxy with
an apparent magnitude at least this bright is ,1023. Moreover,
galaxies this luminous are relatively rare; the comoving number
density14 of galaxies at least this luminous is ,5 £ 1025Mpc23; the
probability of lying within 10 00 of a randomly located one at
z # 0.225 is ,1024. Note that this is the first GRB of ,80 with
accurate optical localizations to be near a bright elliptical on the
sky.
The likely association between GRB 050509B and 2MASX

J12361286þ2858580 is difficult to understand if the GRB resulted
from any mechanism involving recent star formation. The galaxy
type for the suggested host galaxy is very different from those found
for long GRBs; their hosts are typically subluminous and blue15 and
show strong emission lines associated with star formation16. As is true
of most giant ellipticals in clusters, 2MASX J12361286þ2858580 has
no indications of ultraviolet or optical line emission10. Our UVOT
images clearly detect the galaxy in the optical, but not in the

ultraviolet (UVM2 220-nm and UVW2 188-nm filters), as expected
for an elliptical galaxy—implying little or no contribution from
young, hot stars. The 3j upper limit at 188 nm gives a limit to the
star-formation rate17 of ,0.2M( yr21, where M( is the mass of the
Sun. It is improbable that we will find a massive-star core collapse or
young magnetar in this galaxy. In addition, the isotropic energy of
1.1 £ 1048k erg (15–150 keV, z ¼ 0.225, where the k-correction factor
is typically 1 to 10) is.102 times higher than that of the 27 December
2004 giant flare from SGR 1806220 (refs 18, 19). Thus, it is unlikely
that this burst was an SGR-type flare.
On the other hand, 2MASX J12361286þ2858580 is a very propi-

tious site for a neutron star–neutron star or neutron star–black hole
merger. As Chandra observations have shown20, giant ellipticals,
especially those dominant in their cluster, have large populations
of low-mass X-ray binaries containing accreting neutron stars and
black holes. Further, a high fraction (*50%) of the low-mass X-ray
binaries in ellipticals are located in globular clusters21 because close
binary systems containing at least one compact object can easily be
formed dynamically in globular clusters. Although there is less direct
evidence that close neutron star–neutron star binaries can form
easily in globular clusters, the double-neutron-star system
PSRB2127þ11C in the Galactic globular cluster M15 is an example
of such a binary22, and has amerger lifetime of,2 £ 108 yr. In fact, of

Figure 1 | Optical images of the region of GRB 050509B showing the
association with a large elliptical galaxy. The Digitized Sky Survey image.
The large red circle is the BAT position error circle, and the smaller blue
circle is the XRT position error circle. The BAT position is 12 h 36m18 s,
þ288 59 0 28 00 (J2000) with a 2.3 0 error radius (90% containment). The XRT,
operating in its most sensitive ‘photon counting’mode, derived a position of
12 h 36m13.58 s, þ288 59 0 01.3 00 (J2000), with a positional accuracy of 9.3 00

(90% containment radius; larger than the typical XRT 4 00 accuracy, owing to
weakness of burst). This position takes into account the low counting
statistics, cluster emission in the field and astrometric corrections10 to the
2MASS coordinate system. Many of the extended objects are likely to be
galaxies in the cluster NSC J123610þ28590131. The inset shows a blow-up
of the region of the XRTerror circle from an R-band image obtained8 using
FORS2 on the 8.2-m VLT-Antu telescope at the European Southern
Observatory/Paranal on 11 May UT, 1.85 days after the burst. The extended
source to the right (west) is the luminous elliptical galaxy 2MASX
J12361286þ285858026, which we suggest to be the likely host of the burst.
Other objects in the error circle are not identified, but appear to be faint
galaxies either associated with the same cluster as the elliptical galaxy or at
higher redshift. The VLT image consists of fifteen 3-min frames taken under
good conditions (,1 00 seeing).

Figure 2 | BAT light curves for the short GRB 050509B, showing the short
duration of this GRB. The light curves are given in four photon energy
bands with the band identified in the upper right of each panel. The peak has
a duration of 40 ^ 4ms (90% containment of counts). There is no
detectable emission except from T230ms to Tþ30ms, confirming the
‘short’ aspect of this burst. The successful trigger criterion for the GRB was
in the 25–100 keV band. The peak count rate measured by BAT is
,2,100 counts s21 in the 15–150 keV band at Tþ5ms. The BAT data (40ms
of data centred on Tþ23ms) are well fitted by a simple power-law model
with a photon index of 1.5 ^ 0.4, a normalization at 50 keVof
(2.0 ^ 0.5) £ 1022 photons cm22 s21 keV21 and a peak flux of
2.53 ^ 0.33 photons cm22 s21 (all in 15–150 keVand 90% confidence level).
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Gamma-ray bursts (GRBs) come in two classes1: long (>2 s), soft-
spectrum bursts and short, hard events. Most progress has been
made on understanding the long GRBs, which are typically
observed at high redshift (z < 1) and found in subluminous
star-forming host galaxies. They are likely to be produced in
core-collapse explosions of massive stars2. In contrast, no short
GRB had been accurately (<10 00 ) and rapidly (minutes) located.
Here we report the detection of the X-ray afterglow from—and the
localization of—the short burst GRB 050509B. Its position on the
sky is near a luminous, non-star-forming elliptical galaxy at a
redshift of 0.225, which is the location one would expect3,4 if the
origin of this GRB is through the merger of neutron-star or black-
hole binaries. The X-ray afterglow was weak and faded below the
detection limit within a few hours; no optical afterglow was
detected to stringent limits, explaining the past difficulty in
localizing short GRBs.
The new observations are from the Swift5 satellite, which features

the hard X-ray wide-field Burst Alert Telescope (BAT), and rapid
spacecraft slewing to point the narrow-field X-ray Telescope (XRT)
and the Ultraviolet-optical Telescope (UVOT) at the burst. On 9May
2005 at 04:00:19.23 UT, the BAT triggered and located GRB 050509B
on board6. The BAT location is shown in Fig. 1 (large red circle) and
the light curves in Fig. 2. The event is a single short spike with
duration of 40 ^ 4ms. The burst has a ratio of 50–100 keV to 25–
25 keV fluences of 1.4 ^ 0.5, which is consistent with, but in the soft
portion of, the short/hard population detected by the first extensive

GRB survey made with the Burst and Transient Source Experiment
(BATSE). The 15–150 keV fluence is (9.5 ^ 2.5) £ 1029 erg cm22,
which is the lowest imaged by BAT so far and is just below the short
GRB fluence range detected by BATSE (adjusted for the different
energy ranges of the two instruments).
Swift slewed promptly and XRT started acquiring data 62 s after

the burst (Tþ62 s, where T is the BAT trigger time). Ground-
processed data revealed an uncatalogued X-ray source near the centre
of the BATerror circle containing 11 photons (5.7j significance due
to near-zero background in image) in the first 1,640 s of integration
time. The XRT position is shown with respect to the Digitized Sky
Survey (DSS) field in Fig. 1. A Chandra target-of-opportunity
observation of the XRT error circle was performed on 11 May at
4:00 UT for 50 ks, with no sources detected in the XRT error circle.
The light curve combining BAT, XRTand Chandra data are shown in
Fig. 3. The UVOT observed the field starting at Tþ60 s. No new
optical/ultraviolet sources were found in the XRT error circle to
V-band magnitude . 19.7 for t , 300min.
Swift has provided the first accurate localization of a short GRB.

No optical afterglow was detected to stringent limits (R-band
magnitude . 25 at 25 h; ref. 7). When the XRTerror circle is plotted
on the R-band image we obtained8 with the Very Large Telescope
(VLT), several faint objects are seen in the error circle, some of which
are extended and could be high-redshift galaxies9,10. It is possible the
burst occurred in one of these. However, the centre of the XRTerror
circle lies only 9.8 00 away from the centre of the large E1 elliptical
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	 Clues	for	the	merger	origin	of	short	GRBs:	
• Early	afterglow	detections.	None	has	a	SN	

signature.	
• In	different	types	of	host	galaxies,	including	a	

few	in	elliptical/early-type	galaxies,	and	most	in	
star-forming	galaxies	

• Do	not	follow	bright	sights	of	hosts	
• In	regions	of	low	star	formation	in	star-forming	

galaxies	
• Redshift	distribution	(a	good	fraction	of	low-z).	
• Theoretical	expectation	should	be	“short”



Two possibilities

NS - NS merger NS - BH merger



Bing’s last dialog with Neil

Neil (as session chair, to everyone):  
Which do you guys think could be the progenitor of short GRBs, NS-NS mergers  
or NS-BH mergers?

Nov. 11, 2016, Annapolis, Maryland

Bing (raised hand and spoke):  
At least some should be NS-NS mergers, since we see the magnetar signature in  
the internal X-ray plateau of some SGRBs.

Neil (not very convinced):  
Yes, from that perspective.



Neil wanted to see the final observational 
proof from the direct joint GW-EM 
observations. Unfortunately he could not see 
this happen.

We will find out sometime soon!



Kilonova, macronova, mergernova

Tanvir et al. (2013, Nature), Berger et al. (2013, ApJL)

N. Tavir’s talk

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

B. Metzger (2016)
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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)



     Enhanced (Magnetar powered) Merger Novae 
Yu, Zhang & Gao, 2013, ApJ, 763, L22
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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. (2017, ApJ, 837, 50)
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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
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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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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 gravitational

Sun, Zhang & Gao, 2017, ApJ, 835, 7
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FIG. 2.— A gallery of all possible X-ray light curves. Both the wind emission (magenta) and X-ray merger-nova (red, boosted by 1010) are presented,
with solid lines showing the observed flux (given unlimited sensitivity) and dashed lines showing the merger-nova emission outshone by the wind
emission. (J1-3): jet zone light curves (the sGRBs is also plotted (black)); (F1-3): free zone light curves; (T1-6): trapped zone light curves.

angle fraction k⌦, and many other unknown parameters as-
sociated with the ejecta and the magnetar. Lacking observa-
tional data, it is impossible to give a unique prediction. In
the following, we take GM1 EoS as an example (Lasky et
al. 2014; Gao et al. 2016a), and discuss other EoSs through
a comparison of the results. For each EoS, we adopt some
typical parameters inferred from the sGRB data, and make
predictions by assuming different values of k⌦.

For the GM1 EoS (Glendenning & Moszkowski 1991) , we
adopt MTOV = 2.37M�, R = 12.05km, I = 2.13⇥ 1045gcm-2,
↵ = 1.58 ⇥ 10-10s-� and � = -2.84 using the prescription
of Eq.(24) (Lasky et al. 2014). The following parameters
are adopted in the simulations based on previous work (Gao
et al. 2016a): the ejecta mass with a lognormal distribu-

tion Nej(µej = 10-2M�,�ej = 0.5), the dipolar magnetic field
strength with a lognormal distribution NB(µB = 1015G,�B =
0.2), the initial period Pi = 1 ms, ellipticity of the nascent NS
✏ = 0.005, and efficiency parameters ⇠ = 0.5, ⌘ = 0.5. For other
EoSs, the best-fit parameters derived from Li et al. (2016c)
are adopted. For all the simulations, the opacity parameter
is adopted as  = 2cm2 g-1. This is an unknown parameter,
which ranges from 0.1-10 cm2 g-1 depending on whether lan-
thanides dominate the opacity (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013; Metzger & Piro 2014). Our moderate
value is based on the consideration that the lanthanides do ex-
ist in the ejecta, on the other hand, the magnetar wind tends
to destroy the heavy elements and reduce opacity. In reality,
different merger systems may have different  values, and our
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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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sGRB-less X-ray counterpart: 
luminosity function & event rate density
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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 from Swift archives - great targets for SVOM & EP!



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 



JSI Workshop debate: 
Can BH-BH mergers have 

electromagnetic counterparts?

Julian Krolik (No) vs. BZ (Yes) 
Nov. 10, 2016, Annapolis, MD



Origin of debate: 
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
2

⇠ 2�2

2

ct
2

⇠ 2�2

2

c⌧ = (6.0⇥1014 cm)

✓
�
2

100

◆
2 ⇣ ⌧

1 s

⌘
.

(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 Savchenko et al. (2016) 
Greiner et al. (2016); Xiong (2016)



• Models with matter  
• Twin BHs inside one star (Loeb 2016, but see Woosley 2016; Dai 

et al. 2016) 

• Reactivated accretion disk (Perna et al. 2016, but see Kimura et 
al. 2016) 

• Merger of collapsing star & BH interactions (Janiuk et al. 
2016 …) 

• Multi-body interactions (…) 

• Models with EM fields 
• Charged BH-BH mergers (Zhang 2016, Liu et al. 2016; 

Fraschetti 2016; Liebling & Palenzuela 2016)

Unconventional Ideas for EM 
counterparts of BH-BH mergers



Charged



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

Part 1: Consequence of charges

High school E&M



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

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

ABSTRACT

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

The discoveries of GW 150914, GW 151226, and LVT 151012 suggest that double black hole (BH-BH)
mergers are common in the universe. If at least one of the two merging black holes carries certain
amount of charge, possibly retained by a rotating magnetosphere, the inspiral of a BH-BH system
would drive a global magnetic dipole normal to the orbital plane. The rapidly evolving magnetic
moment during the merging process would drive a Poynting flux with an increasing wind power. The
magnetospheric activities during the final phase of the merger would make a fast radio burst (FRB)
if the BH charge can be as large as a factor of q̂ ⇠ (10�9 � 10�8) of the critical charge Qc of the BH.
At large radii, dissipation of the Poynting flux energy in the outflow would power a short duration
high-energy transient, which would appear as a detectable short-duration gamma-ray burst (GRB) if
the charge can be as large as q̂ ⇠ (10�5�10�4). The putative short GRB coincident with GW 150914
recorded by Fermi GBM may be interpreted with this model. Future joint GW/GRB/FRB searches
would lead to a measurement or place a constraint on the charges carried by isolate black holes.

1. INTRODUCTION

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

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

�4

M� and 29+4

�4

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

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

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

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

2. ELECTRODYNAMICS OF CHARGED BLACK HOLE
MERGER SYSTEM

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

rs =
2GM

c2
, rQ =

p
GQ

c2
, (1)

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

Qc ⌘ 2
p
GM = (1.0⇥ 1031 e.s.u.)

✓
M

10M�

◆
, (2)

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

Q = q̂Qc, (3)

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

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

µ=
⇡I(a/2)2

c
=

p
2GMaQ

4c
=

p
2G3/2M2

c2
q̂â1/2

=(1.1⇥ 1033 G cm3)

✓
M

10M�

◆
2

q̂�4

â1/2, (4)

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

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

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

�4

M� and 29+4

�4

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

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

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

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

2. ELECTRODYNAMICS OF CHARGED BLACK HOLE
MERGER SYSTEM

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

rs =
2GM

c2
, rQ =

p
GQ

c2
, (1)

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

Qc ⌘ 2
p
GM = (1.0⇥ 1031 e.s.u.)

✓
M

10M�

◆
, (2)

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

Q = q̂Qc, (3)

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

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

µ=
⇡I(a/2)2

c
=

p
2GMaQ

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.

MERGERS OF CHARGED BLACK HOLES: GRAVITATIONAL-WAVE EVENTS,
SHORT GAMMA-RAY BURSTS, AND FAST RADIO BURSTS

Bing Zhang
Department of Physics and Astronomy, University of Nevada, Las Vegas, NV 89154, USA; zhang@physics.unlv.edu

Received 2016 March 22; revised 2016 July 12; accepted 2016 July 12; published 2016 August 16

ABSTRACT
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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
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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
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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
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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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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
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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.

2. ELECTRODYNAMICS OF CHARGED
BH MERGER SYSTEM

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

⎛
⎝⎜

⎞
⎠⎟º = ´

:
Q G M

M
M

2 1.0 10 e.s.u.
10

, 2c
31( ) ( )

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

Part 1: Consequence of charges

520 Non-Electromagnetic Signals

Noticing Eq.(12.47), one can write (for e = 0 which is the case before coalescence)

da

dt
= −

2

5

c

â3
. (12.58)

The luminosity of the Poynting flux can be estimated using the Larmor dipole
formula

Lw ≃
2µ̈2

3c3
≃

49

120000

c5

G
q̂2â−15 ≃ (1.5× 1048 erg s−1)q̂2−4â

−15, (12.59)

where µ̈ is the second derivative of the magnetic dipole moment µ. Notice that this
wind power depends on the dimensionless parameters q̂ and â only, and increases
sharply with decreasing â. Noticing Eq.(12.40), one can also write

Lw ∼ 0.03q̂2LGWâ−10. (12.60)

One can see that the EM power has an even more sensitive dependence on â,
producing an even sharper “EM chirp”. As a result, it is perfect candidate for FRBs
and short GRBs. Zhang (2016) found that q̂ ∼ (10−9−10−8) is needed to power an
FRBs, and q̂ ∼ (10−5 − 10−4) is needed to power the putative Fermi/GBM short
GRB signal associated with GW150914 dubbed “GW150914-GBM” (Connaughton
et al., 2016).

12.3.4 GWs from GRBs

The leading progenitor systems of short GRBs are NS-NS and NS-BH mergers
(Chap. 10 for detailed discussion). If these models are correct, GWs due to in-spiral
should proceed short GRBs. Unfortunately, the majority of short GRBs detected
and localized by Swift and Fermi are outside the “horizon” of advanced LIGO, so
that their associated GWs are too weak to be detected by the current generation
GW detectors. In the future, very nearby short GRBs may be jointly detected by
gamma-ray detectors and current or future GW detectors, which would firmly nail
down the progenitor system of short GRBs.
The reason that NS-NS and NS-BH mergers can give rise to short GRBs is that

the disrupted NSs can provide ample materials to be accreted to the new-born BH
formed after the merger (Chap. 11 for details). As a result, BH-BH mergers are not
expected to produce short GRBs. As a consequence, GW150914-GBM reported by
the Fermi/GBM team (Connaughton et al., 2016) indeed posted great challenges to
theorists. Arguments suggesting that the signal may be spurious have been raised
(e.g Greiner et al., 2016; ?). Some ideas to produce GRBs associated with BH-BH
mergers have been proposed. The timing (∼ 0.4 s after the merger) and duration
(∼ 1 s) of event, however, can eliminate most of these scenarios.

• The first category of models invoke a BH-BH merger inside a star, either through
prompt collapse of a massive star that produces two BHs (Loeb, 2016), or
through a merger between a BH and a massive star (Janiuk et al., 2017).
These models can produce a GRB associated with a BH-BH merger. However,



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

Part 2: How does a BH  
obtain and maintain charge?

Fair question

but, don’t say:

“According to … textbook, astrophysical 
charged BHs are quickly neutralized.” 

Valid for Reissner-Nordstrom BHs 

Not sure for Kerr-Newman BHs: work needed



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 



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

rotating magnetised starnonrotating magnetised star

B-field

Poynting flux

Most, Nathanail, LR 2016
Overall dynamics

Rezzolla’s talk in Kyoto meeting



Most, Nathanail & Rezzolla (2016) 

rotating magnetised starnonrotating magnetised star

B-field

Poynting flux

Most, Nathanail, LR 2016
Overall dynamics

Rezzolla’s talk in Kyoto meeting



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

Rezzolla’s talk in Kyoto meeting



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 would be produced

Nathanail, Most, LR 2016

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

Collapse to what?

formation of Kerr-
Newman  BH is 
confirmed by      
Weyl scalar. 

 2

does the collapse of a “dead” 
pulsar lead naturally to a 
Kerr Newman BH?

Observationally testable! 

Search for simultaneous short signals (sGRB, FRB, or even FOB) 
coincident with BH-BH mergers - one can constrain the amount of 
charge carried by merging BHs!



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?)


