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Central product from NS-NS mergers 
•  Immediate collapse into a black hole (BH);  
•  A temporal hyper-massive NS (supported by differential 

rotation) which survives 10–100 ms before collapsing 
into a BH;  

•  A supra-massive NS temporarily supported by rigid 
rotation, which collapses to a BH at a later time after the 
NS spins down;  

•  A stable NS  (or strange quark star?). 

 

Bartos+. 2013 CQGra. 



EM signals for a BH as merger product    

Metzger & Berger (2012) 
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EM signals  
for a magnetar as post-merger product 

Gao+ 2013 ApJ  
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Central product from NS-NS mergers 
•  Immediate collapse into a black hole (BH);  
•  A temporal hyper-massive NS 
•  A supra-massive NS temporarily supported by rigid 

rotation, which collapses to a BH at a later time after the 
NS spins down;  

•  A stable NS.   
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Central product from NS-NS mergers 
•  Immediate collapse into a black hole (BH);  
•  A temporal hyper-massive NS 
•  A supra-massive NS temporarily supported by rigid 

rotation, which collapses to a BH at a later time after the 
NS spins down;  

•  A stable NS. 
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Metzger & Berger, 2012 
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Constraints on NS-NS merger product from
 SGRB observations  

�  SGRBs are from NS-NS/BH mergers; 
�  Cosmological NS-NS systems have the same mass

 distribution as the observed Galactic system; 
�  Internal plateau marks the collapse of a magnetar to a

 BH. 

Rowlinson et al. (2013) Lattimer & Prakash (2010) 



Equation of State 
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Figure 10(a) presents an anti-correlation between L0 and tcol,
i.e.,

= − ± − ±L tlog ( 2.79 0.39)log (0.45 0.28) (12)0,49 col,2

with =r 0.87 and <p 0.0001. This suggests that a longer
collapse times tends to have a lower plateau luminosity. This is
consistent with the expectation of the magnetar central engine
model. The total spin energy of the millisecond magnetars may
be roughly standard. A stronger dipole magnetic field tends to
power a brighter plateau, making the magnetar spin down more
quickly, therefore giving rise to a shorter collapse time (see
also Rowlinson et al. 2014).

Figure 10(b) presents an anti-correlation between Etotal,iso
and tcol:

= − ±
+ ±

E tlog ( 1.08 0.27)log
(0.11 0.18) (13)

total,iso,52 col,2

with r = 0.71 and p = 0.0009. This may be understood as
follows. A higher plateau luminosity corresponds to a shorter
spin-down timescale. It is possible that in this case, the collapse
time is closer to the spin-down timescale, and so most energy is
already released before the magnetar collapses to form a black
hole. A lower plateau luminosity corresponds to a longer spin-
down timescale, and it is possible that the collapse time can be
much shorter than the spin-down timescale, so that only a
fraction of the total energy is released before the collapse.

Empirically, Dainotti et al. (2008, 2010, 2013) discovered an
anti-correlation between Lb and tb for long GRBs. In Figure 10
(c), we plot our short GRB Internal + External sample and
derive an empirical correlation of

= − ± − ±L tlog ( 1.41 0.14)log (0.46 0.37), (14)b b,49 ,3

with r = 0.88 and <p 0.001. The slope of the correlation is
slightly steeper than that of the “Dainotti relation” (e.g.,
Dainotti et al. 2008, data see gray dots in Figure 10(c)). This is
probably related to different progenitor systems for long and
short GRBs, in particular, the dominance of Internal plateaus in
our sample. Rowlinson et al. (2014) performed a joint analysis
of both long and short GRBs taking into account the intrinsic
slope of the luminosity–time correlation (Dainotti et al. 2013).
We focus on short GRBs only but studied the Internal and
External sub-samples separately.

4.3. Constraining the Neutron Star EOS

The inferred collapsing time can be used to constrain the
neutron star EOS (Lasky et al. 2014; Ravi & Lasky 2014). The
basic formalism is as follows.

The standard dipole spin-down formula gives (Shapiro &
Teukolsky 1983)
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For a given EOS, a maximum NS mass for a non-rotating NS,
i.e., MTOV, can be derived. When an NS is supra-massive but
rapidly rotating, a higher mass can be sustained. The maximum

gravitational mass (Mmax) depends on spin period, which can
be approximated as (Lyford et al. 2003)

α= + β( )M M P1 ˆ , (16)max TOV
ˆ

where α̂ and β̂ depend on the EOS. The numerical values of α̂
and β̂ for various EOSs have been worked out by Lasky et al.
(2014), and are presented in Table 4 along with MTOV, R, and I.
As the neutron star spins down, the maximum mass Mmax

gradually decreases. When Mmax becomes equal to the total
gravitational mass of the protomagnetar, Mp, the centrifugal
force can no longer sustain the star, and so the NS will collapse
into a black hole. Using Equations (15) and (16), one can
derive the collapse time:
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As noted, one can infer Bp, P0, and tcol from the observations.
Moreover, as the Galactic binary NS population has a
tight mass distribution (e.g., Valentim et al. 2011; Kiziltan
et al. 2013), one can infer the expected distribution
of protomagnetar masses, which is found to be =Mp

− ⊙M2.46 0.15
0.13 (for details see Lasky et al. 2014). The only

remaining variables in Equation (16) are related to the EOS,
implying that the observations can be used to derive constraints
on the EOS of nuclear matter. For most GRBs in our Internal
sample, only the lower limit of τ is derived from tb
(Equation (7)). One can also infer the maximum τ by limiting
P0 to the break-up limit. Considering the uncertainties related
to gravitational wave radiation, we adopt a rough limit of 1
millisecond. By doing so, one can then derive a range of τ, and
hence a range of Mp based on the data and a given EOS.
Figure 11 presents the collapse time (tcol) as a function of

protomagnetar mass (Mp) for each short GRB in the Internal
sample with redshift measurements. Five NS equations of state,
i.e., SLy (black, Douchin & Haensel 2001), APR (red, Akmal
et al. 1998), GM1 (green, Glendenning & Moszkowski 1991),
AB-N, and AB-L (blue and cyan, Arnett & Bowers 1977) are
shown in different vertical color bands. The gray shaded region
is the protomagnetar mass distribution, Mp, discussed above.
The horizontal dashed line is the observed collapse time for

Table 4
Parameters of Various NS EOS Models

Parameters SLy APR GM1 AB-N AB-L

⊙M M(TOV ) 2.05 2.20 2.37 2.67 2.71

R (km) 9.99 10.0 12.05 12.9 13.7
I (10 g cm )45 2 1.91 2.13 3.33 4.30 4.70

α β− −sˆ (10 )10 ˆ 1.60 0.303 1.58 0.112 2.92

β̂ −2.75 −2.95 −2.84 −3.22 −2.82

Note.
References. The neutron star EOS parameters are derived in Lasky et al.
(2014) and Ravi & Lasky et al. (2014).
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We extrapolate the BAT (15−150KeV) data to
 the XRT band (0.3 − 10 KeV) by assuming a
 single power-law spectrum, and then perform
 a temporal fit to the combined light curve with
 a smooth broken power law in the rest frame
 to identify a possible plateau (defined as a
 temporal segment with decay slope smaller
 than 0.5). A plateau followed by a decay index
 steeper than 3 as our “internal plateau” sample,
 otherwise it is “external plateau” .  

(11) of Zhang et al. (2007a) to derive EK,iso. In some cases, the
spectral regime ν ν ν< <m c is inferred and Equation (13) of
Zhang et al. (2007a) is adopted to derive EK,iso

In order to place an upper limit of EK,iso for the Internal
sample GRBs without a detected external shock component,
one needs to assume the spectral regime and decay slope of the
normal decay. To do so, we perform a statistical analysis of the
decay slope and spectral index in the normal decay phase using
the External and Non samples (Figure 6). Fitting the
distributions with a Gaussian distribution, we obtain center
values of α = ±1.21 0.04c0, and β = ±0.88 0.05X c, . We
adopt these values to perform the calculations. Since
α β≈2 3 X0 is roughly satisfied, the spectral regime belongs to

ν ν ν< <m c, and Equation (13) of Zhang et al. (2007a) is again
used to derive the upper limit of EK,iso.

In our calculations, the microphysics parameters of the
shocks are assigned to standard values derived from the
observations (e.g., Panaitescu & Kumar 2002; Yost
et al. 2003): �e = 0.1 and =� 0.01B . The Compton parameter
is assigned to a typical value of Y= 1. The calculation results
are shown in Table 2.

After obtaining the break time tb through light curve fitting,
we derive the bolometric luminosity at the break time tb:

=L πD F k4 · , (2)b L b
2

where Fb is the X-ray flux at tb and k is the k-correction factor.
For the Internal sample, we derive the isotropic internal plateau
energy, EX,iso, using the break time and break luminosity (Lü &
Zhang 2014), i.e.,

≃ +E L
t

z
·

1
. (3)X b

b
,iso

This energy is also the isotropic emission energy due to internal
energy dissipation.
Comparisons of the statistical properties of various derived

parameters for the Internal and External samples are presented
in Figure 7. Figures 7 (a) and (b) show the distributions of the
internal plateau luminosity and duration. For the External
sample, no internal plateau is detected and we place an upper
limit on the internal plateau luminosity using the observed
luminosity of the external plateau. The internal plateau
luminosity of the Internal sample is ∼ −L 10 ergs sb

49 1. The
distribution of the upper limits of Lb of the External sample
peaks at a smaller value of ∼ −L 10 ergs sb

47.5 1. This suggests
that the distribution of internal plateau luminosity Lb has an
intrinsically very broad distribution (Figure 7(a)). The
distribution of the duration of the plateaus for the Internal
sample peaks around 100 s, which is systematically smaller
than the duration of the plateaus in the External sample, which
peaks around 103.3 s. In Figures 7(a) and (b), we also compare

Figure 3. Ensemble of X-ray light curves (0.3–10 keV) of the GRBs in our Internal sample with EE, Internal sample without EE, External sample, and Non sample.
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Constraints on NS-NS merger product 
from SGRB observations  
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Constraints on the Magnetar Properties 

� Initial Spin> 

� How strong of the Magnetic field> 

� Spin down mechanism? 
� GW dominate or EM dominate?�

Gao et al., 2016 PRD, 93, 044065 �



Constraints on Magnetic field and Ellipticity 
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FIG. 2. Comparisons between the observed (pink dashed) and simulated (black) distributions for (a) the break time tb at the
end of internal plateau, (b) the break time luminosity Lb, and (c) the total observed energy Etotal. The parameters in the
simulation are: ϵ = 0.005, Bp ∼ N(µBp = 1015 G,σBNS = 0.2) and η = 1. The blue dashed line in panel (c) is an example when
GW spin down is neglected. Panel (d) show the fractional energy distributions in the EM, GW, and BH channels.

lapses, the total energy budget in the EM channel can
vary in a wide range from several 1049 erg to several 1052

erg.
IV. Implications and discussion. Assuming that

SGRBs originate from NS-NS mergers, and that the in-
ternal plateaus are produced by supra-massive NSs that
collapse at the end of the plateaus, we reached a series
tight constraints on the NS EoS and the properties of
the merger product. The fractional distribution of the
merger product is 40% BH, 30% supra-massive NSs, and
30% stable NSs. The NSs are millisecond magnetars at
birth, and the nascent NSs should release significant en-
ergy in the form of GWs. All these conclusions are either
consistent with other observational constraints or with
theoretical expectations. For example, the favored maxi-
mum NS mass Mmax = 2.37M⊙(1+1.58× 10−10P−2.84)
is well consistent with the observations of Galactic NSs
and NS-NS binaries [28]. The required near-break-up
Pi ∼ 1 ms is fully consistent with the merger model. The
high magnetic field strength Bp ∼ 1015 G is expected,
since at such a fast spin, the α − Ω dynamo mechanism
likely operates [29].
Observations demand a relatively large ϵ ∼ (0.004 −

0.007) distribution. The origin of such a large ϵ is worth
further investigation, but the inferred strong magnetic

fields provide a natural source of distorting the NS and,
hence, maintain a relatively large ϵ [31]. The strength of
GW radiation with such an inferred ϵ s below the sensitiv-
ity curve of advanced LIGO [32], but may be detectable
with the proposed Einstein Telescope [33]. Notice that
ϵ likely evolve with time. Our Monte Carlo simulations
suggest that a 50% variation of ϵ is allowed without af-
fecting our conclusions.

The fact that up to 60% of the NS-NS merger prod-
ucts are either supra-massive or stable NSs suggests that
various EM counterparts [4] of GW events due to NS-
NS mergers are enhanced with respect to the case with
a BH at the merger product [3]. The collapse of a supra-
massive NS to a BH may be also associated with a fast
radio burst [34], the detection of which would lend sup-
port to the model discussed here.
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Magnetic-distortion-induced Ellipticity  

2

the Advanced LIGO (aLIGO) detectors) targeted on a selec-
tion of known Galactic pulsars (Aasi et al. 2014; The LIGO
Scientific Collaboration et al. 2017, and references therein),
however, did not detect any GW signals due to the limitation
of sensitivity of the current detectors. More and more strin-
gent upper limits on the value of ϵ have been set for these
pulsars. For eight pulsars, the resulted upper limits already
surpass their spin-down limits (which attributing all the spin-
down luminosity to GW radiation lost) (The LIGO Scientific
Collaboration et al. 2017).

Recently, an indirect method has been proposed to esti-
mate the ϵ value for a particular class of NSs, i.e., the rapidly
spinning, strongly magnetized, supramassive neutron stars
(henceforth, millisecond magnetar). A millisecond magne-
tar has long been proposed to be a possible central engine
for gamma-ray bursts (GRBs) (Usov 1992; Dai & Lu 1998;
Zhang & Mészáros 2001; Dai et al. 2006; Gao & Fan 2006;
Metzger et al. 2011) and electromagnetic counterparts of NS-
NS mergers (Zhang 2013; Gao et al. 2013; Yu et al. 2013;
Metzger & Piro 2014). The model is especially relevant to
some short GRBs with soft γ-ray extended emission (Norris
& Bonnell 2006; Sakamoto et al. 2011) or GRBs with an inter-
nal X-ray plateau followed by a very rapid decay (Troja et al.
2007; Rowlinson et al. 2010; Lü et al. 2015). These features
mark the abrupt cessation of the central engine, likely due to
the collapse of a supramassive NS into a BH (Rowlinson et al.
2010; Lü & Zhang 2014; Lü et al. 2015). When modeling X-
ray plateau of short GRBs, Fan et al. (2013) noticed that the
observed duration of internal X-ray plateau is shorter than that
expected in the magnetic dipole radiation scenario. They then
suggested that GW radiation likely dominates the loss of rota-
tional energy for these millisecond magnetars. By investigat-
ing some particular cases of short GRBs, they suggested that
the ellipticity and dipole magnetic field strength (Bdip) for the

supramassive magnetars are around 0.01 and 1015 G, respec-
tively. They also claimed that the GWs from such sources may
be detectable with the proposed Einstein Telescope (Punturo
et al. 2010). Later, Gao et al. (2016) used the statistical ob-
servational properties of Swift SGRBs and the mass distribu-
tion of Galactic double neutron star systems to systematically
place constraints on the neutron star equation of state (EoS)
and the properties of the post-merger product. They found
that when the SGRB central engine is a supramassive NS, in
order to reproduce the distributions of internal X-ray plateau
luminosity and break time, the ellipticity of the millisecond
magnetar need to be in the range of 0.004 − 0.007, and the
dipole magnetic field strength of the NS is typically 1015 G.
Significant GW radiation is expected to be released after the
merger. This conclusion applies to a range of EoSs (Li et al.
2016). Lasky & Glampedakis (2016) explored the physically
motivated ϵ via the spin-flip mechanism. Even though the rel-
atively large value ϵ∼ 0.01 inferred by Fan et al. (2013) may
not be physically unattainable, the value (ϵ ∼ 0.004 − 0.007)
inferred by Gao et al. (2016) is marginally consistent with the
range of ϵ suggested by Lasky & Glampedakis (2016).

This method of inferring ϵ is based on the electromagnetic
observations of SGRB X-ray afterglows. It is of great interest
to investigate the consistency between this result with the GW
observations of Galactic pulsars and magnetars. This is the
purpose of this paper.

2. GENERAL FORMALISM

Among various mechanisms, magnetic distortion likely
plays a dominant role to maintain a relatively large ϵ for a

millisecond magnetar. We focus on this possibility. Accord-
ing to previous analytical and numerical studies, the magnetic
distortion of a NS depends on the strength and the configu-
ration of the magnetic fields (including the inclination angle
and the toroidal-to-poloidal ratio) (Bonazzola & Gourgoulhon
1996b; Haskell et al. 2008). In general, one may parameterize
that

ϵ = βB̄2, (3)

where

B̄2 =
1

V

∫

B2dV (4)

scales with the volume average of magnetic pressure, V is the
volume of the star, and the coefficient β contains the informa-
tion of the magnetic field configurations. For simplicity, we
connect B̄ and Bdip by defining

Bdip = ηB̄, (5)

with 0 ≤ η ≤ 1, where η = 0 and 1 represent a star with a
purely toroidal and poloidal field component, respectively.

Given the dipole magnetic field strength Bdip,m and the el-
lipticity ϵm for the millisecond magnetars, the ellipticity for a
Galactic pulsar (ϵp) with dipole magnetic field strength Bdip,p

may be estimated as (assuming that magnetic distortion is the
dominant mechanism to define their respective ϵ)

ϵp = 5× 10−9 ϵm

0.005

(

ηm

ηp
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the Advanced LIGO (aLIGO) detectors) targeted on a selec-
tion of known Galactic pulsars (Aasi et al. 2014; The LIGO
Scientific Collaboration et al. 2017, and references therein),
however, did not detect any GW signals due to the limitation
of sensitivity of the current detectors. More and more strin-
gent upper limits on the value of ϵ have been set for these
pulsars. For eight pulsars, the resulted upper limits already
surpass their spin-down limits (which attributing all the spin-
down luminosity to GW radiation lost) (The LIGO Scientific
Collaboration et al. 2017).

Recently, an indirect method has been proposed to esti-
mate the ϵ value for a particular class of NSs, i.e., the rapidly
spinning, strongly magnetized, supramassive neutron stars
(henceforth, millisecond magnetar). A millisecond magne-
tar has long been proposed to be a possible central engine
for gamma-ray bursts (GRBs) (Usov 1992; Dai & Lu 1998;
Zhang & Mészáros 2001; Dai et al. 2006; Gao & Fan 2006;
Metzger et al. 2011) and electromagnetic counterparts of NS-
NS mergers (Zhang 2013; Gao et al. 2013; Yu et al. 2013;
Metzger & Piro 2014). The model is especially relevant to
some short GRBs with soft γ-ray extended emission (Norris
& Bonnell 2006; Sakamoto et al. 2011) or GRBs with an inter-
nal X-ray plateau followed by a very rapid decay (Troja et al.
2007; Rowlinson et al. 2010; Lü et al. 2015). These features
mark the abrupt cessation of the central engine, likely due to
the collapse of a supramassive NS into a BH (Rowlinson et al.
2010; Lü & Zhang 2014; Lü et al. 2015). When modeling X-
ray plateau of short GRBs, Fan et al. (2013) noticed that the
observed duration of internal X-ray plateau is shorter than that
expected in the magnetic dipole radiation scenario. They then
suggested that GW radiation likely dominates the loss of rota-
tional energy for these millisecond magnetars. By investigat-
ing some particular cases of short GRBs, they suggested that
the ellipticity and dipole magnetic field strength (Bdip) for the

supramassive magnetars are around 0.01 and 1015 G, respec-
tively. They also claimed that the GWs from such sources may
be detectable with the proposed Einstein Telescope (Punturo
et al. 2010). Later, Gao et al. (2016) used the statistical ob-
servational properties of Swift SGRBs and the mass distribu-
tion of Galactic double neutron star systems to systematically
place constraints on the neutron star equation of state (EoS)
and the properties of the post-merger product. They found
that when the SGRB central engine is a supramassive NS, in
order to reproduce the distributions of internal X-ray plateau
luminosity and break time, the ellipticity of the millisecond
magnetar need to be in the range of 0.004 − 0.007, and the
dipole magnetic field strength of the NS is typically 1015 G.
Significant GW radiation is expected to be released after the
merger. This conclusion applies to a range of EoSs (Li et al.
2016). Lasky & Glampedakis (2016) explored the physically
motivated ϵ via the spin-flip mechanism. Even though the rel-
atively large value ϵ∼ 0.01 inferred by Fan et al. (2013) may
not be physically unattainable, the value (ϵ ∼ 0.004 − 0.007)
inferred by Gao et al. (2016) is marginally consistent with the
range of ϵ suggested by Lasky & Glampedakis (2016).

This method of inferring ϵ is based on the electromagnetic
observations of SGRB X-ray afterglows. It is of great interest
to investigate the consistency between this result with the GW
observations of Galactic pulsars and magnetars. This is the
purpose of this paper.

2. GENERAL FORMALISM

Among various mechanisms, magnetic distortion likely
plays a dominant role to maintain a relatively large ϵ for a

millisecond magnetar. We focus on this possibility. Accord-
ing to previous analytical and numerical studies, the magnetic
distortion of a NS depends on the strength and the configu-
ration of the magnetic fields (including the inclination angle
and the toroidal-to-poloidal ratio) (Bonazzola & Gourgoulhon
1996b; Haskell et al. 2008). In general, one may parameterize
that
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connect B̄ and Bdip by defining

Bdip = ηB̄, (5)

with 0 ≤ η ≤ 1, where η = 0 and 1 represent a star with a
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Given the dipole magnetic field strength Bdip,m and the el-
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the Advanced LIGO (aLIGO) detectors) targeted on a selec-
tion of known Galactic pulsars (Aasi et al. 2014; The LIGO
Scientific Collaboration et al. 2017, and references therein),
however, did not detect any GW signals due to the limitation
of sensitivity of the current detectors. More and more strin-
gent upper limits on the value of ϵ have been set for these
pulsars. For eight pulsars, the resulted upper limits already
surpass their spin-down limits (which attributing all the spin-
down luminosity to GW radiation lost) (The LIGO Scientific
Collaboration et al. 2017).

Recently, an indirect method has been proposed to esti-
mate the ϵ value for a particular class of NSs, i.e., the rapidly
spinning, strongly magnetized, supramassive neutron stars
(henceforth, millisecond magnetar). A millisecond magne-
tar has long been proposed to be a possible central engine
for gamma-ray bursts (GRBs) (Usov 1992; Dai & Lu 1998;
Zhang & Mészáros 2001; Dai et al. 2006; Gao & Fan 2006;
Metzger et al. 2011) and electromagnetic counterparts of NS-
NS mergers (Zhang 2013; Gao et al. 2013; Yu et al. 2013;
Metzger & Piro 2014). The model is especially relevant to
some short GRBs with soft γ-ray extended emission (Norris
& Bonnell 2006; Sakamoto et al. 2011) or GRBs with an inter-
nal X-ray plateau followed by a very rapid decay (Troja et al.
2007; Rowlinson et al. 2010; Lü et al. 2015). These features
mark the abrupt cessation of the central engine, likely due to
the collapse of a supramassive NS into a BH (Rowlinson et al.
2010; Lü & Zhang 2014; Lü et al. 2015). When modeling X-
ray plateau of short GRBs, Fan et al. (2013) noticed that the
observed duration of internal X-ray plateau is shorter than that
expected in the magnetic dipole radiation scenario. They then
suggested that GW radiation likely dominates the loss of rota-
tional energy for these millisecond magnetars. By investigat-
ing some particular cases of short GRBs, they suggested that
the ellipticity and dipole magnetic field strength (Bdip) for the

supramassive magnetars are around 0.01 and 1015 G, respec-
tively. They also claimed that the GWs from such sources may
be detectable with the proposed Einstein Telescope (Punturo
et al. 2010). Later, Gao et al. (2016) used the statistical ob-
servational properties of Swift SGRBs and the mass distribu-
tion of Galactic double neutron star systems to systematically
place constraints on the neutron star equation of state (EoS)
and the properties of the post-merger product. They found
that when the SGRB central engine is a supramassive NS, in
order to reproduce the distributions of internal X-ray plateau
luminosity and break time, the ellipticity of the millisecond
magnetar need to be in the range of 0.004 − 0.007, and the
dipole magnetic field strength of the NS is typically 1015 G.
Significant GW radiation is expected to be released after the
merger. This conclusion applies to a range of EoSs (Li et al.
2016). Lasky & Glampedakis (2016) explored the physically
motivated ϵ via the spin-flip mechanism. Even though the rel-
atively large value ϵ∼ 0.01 inferred by Fan et al. (2013) may
not be physically unattainable, the value (ϵ ∼ 0.004 − 0.007)
inferred by Gao et al. (2016) is marginally consistent with the
range of ϵ suggested by Lasky & Glampedakis (2016).

This method of inferring ϵ is based on the electromagnetic
observations of SGRB X-ray afterglows. It is of great interest
to investigate the consistency between this result with the GW
observations of Galactic pulsars and magnetars. This is the
purpose of this paper.
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Among various mechanisms, magnetic distortion likely
plays a dominant role to maintain a relatively large ϵ for a
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distortion of a NS depends on the strength and the configu-
ration of the magnetic fields (including the inclination angle
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that
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Galactic pulsar (ϵp) with dipole magnetic field strength Bdip,p

may be estimated as (assuming that magnetic distortion is the
dominant mechanism to define their respective ϵ)

ϵp = 5× 10−9 ϵm

0.005

(

ηm

ηp

)2(
Bdip,p,12

Bdip,m,15

)2

, (6)

where ηp and ηm represent the configuration of the magnetic
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the Advanced LIGO (aLIGO) detectors) targeted on a selec-
tion of known Galactic pulsars (Aasi et al. 2014; The LIGO
Scientific Collaboration et al. 2017, and references therein),
however, did not detect any GW signals due to the limitation
of sensitivity of the current detectors. More and more strin-
gent upper limits on the value of ϵ have been set for these
pulsars. For eight pulsars, the resulted upper limits already
surpass their spin-down limits (which attributing all the spin-
down luminosity to GW radiation lost) (The LIGO Scientific
Collaboration et al. 2017).

Recently, an indirect method has been proposed to esti-
mate the ϵ value for a particular class of NSs, i.e., the rapidly
spinning, strongly magnetized, supramassive neutron stars
(henceforth, millisecond magnetar). A millisecond magne-
tar has long been proposed to be a possible central engine
for gamma-ray bursts (GRBs) (Usov 1992; Dai & Lu 1998;
Zhang & Mészáros 2001; Dai et al. 2006; Gao & Fan 2006;
Metzger et al. 2011) and electromagnetic counterparts of NS-
NS mergers (Zhang 2013; Gao et al. 2013; Yu et al. 2013;
Metzger & Piro 2014). The model is especially relevant to
some short GRBs with soft γ-ray extended emission (Norris
& Bonnell 2006; Sakamoto et al. 2011) or GRBs with an inter-
nal X-ray plateau followed by a very rapid decay (Troja et al.
2007; Rowlinson et al. 2010; Lü et al. 2015). These features
mark the abrupt cessation of the central engine, likely due to
the collapse of a supramassive NS into a BH (Rowlinson et al.
2010; Lü & Zhang 2014; Lü et al. 2015). When modeling X-
ray plateau of short GRBs, Fan et al. (2013) noticed that the
observed duration of internal X-ray plateau is shorter than that
expected in the magnetic dipole radiation scenario. They then
suggested that GW radiation likely dominates the loss of rota-
tional energy for these millisecond magnetars. By investigat-
ing some particular cases of short GRBs, they suggested that
the ellipticity and dipole magnetic field strength (Bdip) for the

supramassive magnetars are around 0.01 and 1015 G, respec-
tively. They also claimed that the GWs from such sources may
be detectable with the proposed Einstein Telescope (Punturo
et al. 2010). Later, Gao et al. (2016) used the statistical ob-
servational properties of Swift SGRBs and the mass distribu-
tion of Galactic double neutron star systems to systematically
place constraints on the neutron star equation of state (EoS)
and the properties of the post-merger product. They found
that when the SGRB central engine is a supramassive NS, in
order to reproduce the distributions of internal X-ray plateau
luminosity and break time, the ellipticity of the millisecond
magnetar need to be in the range of 0.004 − 0.007, and the
dipole magnetic field strength of the NS is typically 1015 G.
Significant GW radiation is expected to be released after the
merger. This conclusion applies to a range of EoSs (Li et al.
2016). Lasky & Glampedakis (2016) explored the physically
motivated ϵ via the spin-flip mechanism. Even though the rel-
atively large value ϵ∼ 0.01 inferred by Fan et al. (2013) may
not be physically unattainable, the value (ϵ ∼ 0.004 − 0.007)
inferred by Gao et al. (2016) is marginally consistent with the
range of ϵ suggested by Lasky & Glampedakis (2016).

This method of inferring ϵ is based on the electromagnetic
observations of SGRB X-ray afterglows. It is of great interest
to investigate the consistency between this result with the GW
observations of Galactic pulsars and magnetars. This is the
purpose of this paper.

2. GENERAL FORMALISM

Among various mechanisms, magnetic distortion likely
plays a dominant role to maintain a relatively large ϵ for a

millisecond magnetar. We focus on this possibility. Accord-
ing to previous analytical and numerical studies, the magnetic
distortion of a NS depends on the strength and the configu-
ration of the magnetic fields (including the inclination angle
and the toroidal-to-poloidal ratio) (Bonazzola & Gourgoulhon
1996b; Haskell et al. 2008). In general, one may parameterize
that

ϵ = βB̄2, (3)

where

B̄2 =
1

V

∫

B2dV (4)
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with 0 ≤ η ≤ 1, where η = 0 and 1 represent a star with a
purely toroidal and poloidal field component, respectively.

Given the dipole magnetic field strength Bdip,m and the el-
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FIG. 3.— Estimations of the characteristic gravitational wave amplitude
hc for Galactic pulsars and magnetars, compared against the noise curves of
various GW detectors, i.e. aLIGO (pink, O1 [dashed] and the full design
[solid] sensitivity), ET (blue) and eLISA (cyan). The orange points present
the selected pulsars in the aLIGO O1 results, while the green points are other
Galactic pulsars.

acteristic gravitational wave amplitude hc for known pulsars
and investigate their detectability with the current and future
GW detectors. We estimate the expected hc values for all
known pulsars listed in v1.56 of the ATNF pulsar catalogue
(Manchester et al. 2005)3 and all known magnetars listed in
the McGILL magnetar catalogue (Olausen & Kaspi 2014)4.
For each pulsar, we apply Eq. 6 to estimate its ellipticity (and
make sure that it does not exceed Eq. 7), and then apply Equa-
tions 8 and 9 to calculate its characteristic gravitational wave
amplitude hc. In the estimation, Bdip, P, Ṗ and the distance d
of each pulsar is used.

We plot the estimated hc values (with ηm/ηp = 1) for all
the pulsars and magnetars in Figure 3. This is compared
against the sensitivities of the GW detectors, i.e. aLIGO,
ET and eLISA, for a single detector analysis. We find that
for ηm/ηp = 1, the GW signals from these pulsars are not de-
tectable for the aLIGO detector at the full design. The eLISA
detector, limited by its designed sensitivity, is also not suitable
for detecting the signals from Galactic magnetars or known
pulsars. The ET detector may be able to detect some rela-
tively low frequency signals (< 50 Hz) from some of these
pulsars. It is worth noticing that although the magnetic field
strength of the Galactic magnetars are similar to millisecond
magnetars, their characteristic GW amplitudes are quite low
due to their much slower spin period.

In the above analysis we only compare the hc defined
in Eq. 8 and the detector sensitivity defined in Eq. 10 to
estimate the detectability of the GW signal. It is possible
to implement a more comprehensive coherent data anal-
ysis procedure (Cutler & Schutz 2005; Dupuis & Woan
2005; Astone et al. 2010) to improve the GW signal detec-
tion (Aasi et al. 2015). With such a technique, a few pul-
sars shown in Figure 3 may become detectable by aLIGO.
Considering that the LIGO detectors are escalating and
the ET detectors are still in the stage of conceptual devel-
opment, we would like to leave a detailed investigation of
such an effect to future work.

3 http://www.atnf.csiro.au/research/pulsar/psrcat/
4 http://www.physics.mcgill.ca/ pulsar/magnetar/main.html

4. CONCLUSION AND DISCUSSION

Rapidly rotating neutron stars are potential sources of con-
tinuous gravitational waves for ground-based interferomet-
ric GW detectors, if the neutron stars may sustain a non-
axisymmetric deformation. Recently, ϵ ∼ 0.005 for rapidly
spinning, strongly magnetized, supramassive neutron stars
(millisecond magnetars) have been inferred from the statis-
tical observational properties of Swift SGRBs. We estimate
the detection horizon of such millisecond magnetars by the
current (aLIGO) and future (ET) GW detectors. For fast
rotators (P ∼ 1 ms), the horizon is ∼ 30 Mpc and ∼ 600
Mpc, respectively, for aLIGO and ET. For slow rotators
(e.g. P ∼ 8 ms), the horizon can be extended to ∼ 400 Mpc
and ∼ 3 Gpc, respectively. The non-detection of such mil-
lisecond magnetars from SGRBs by aLIGO is consistent
with the inferred short period (∼ 1 ms) of these magne-
tars (Gao et al. 2016).

Assuming that magnetic distortion is the main origin of el-
lipticity, in this work we show that these values are consistent
with the non-detection results of Galactic pulsars by aLIGO
O1, as long as ηm/ηp is not greater than 1 by more than one
order of magnitude. We further estimate the characteristic
gravitational wave amplitude hc for known pulsars and nor-
mal magnetars and find that the GW signals from these pul-
sars are not detectable by the aLIGO detector full design and
by eLISA (assuming ηm/ηp = 1). The ET detector may be able
to detect the relatively low frequency signals (< 50 Hz) from
some of these pulsars.

It is possible that the ellipticity of the millisecond magne-
tar is not mainly contributed by magnetic deformation. For
non-magnetic distortions, the distortion is usually more sig-
nificant for rapid rotators, so that given the same ϵ inferred
from the millisecond magnetars in SGRBs, the ϵ for Galac-
tic pulsars/magnetars could be even lower than the ηm/ηp = 1
extrapolation shown in Figure 2. This would be even more
consistent with the aLIGO O1 non-detection result, and the
detectability of Galactic NSs by future GW detectors would
be more pessimistic.

It is worth pointing out that the SGRB-data-inferred ellip-
ticity value for millisecond magnetars could be inconsistent
with the aLIGO O1 results if ηp is smaller than ηm by more
than one order of magnitude. However, according to previ-
ous studies (Bonazzola & Gourgoulhon 1996b; Konno et al.
2000; Stella et al. 2005; Haskell et al. 2008; Mastrano et al.
2011), in order to achieve ϵ ∼ 0.005, a very high strength
(1016−17 G) is needed, implying that the internal (toroidal)
field of the millisecond magnetar may be more than 1 − 2 or-
ders of magnitude stronger than the dipole field value 1015

G, namely ηm ∼ 0.01 − 0.1. In this case, the toroidal field of
the Galactic pulsars need to be more than 3 orders of magni-
tude stronger than the dipole field value (ηp being smaller than
0.001) in order to invalidate ϵ ∼ 0.005 for millisecond mag-
netars. This is essentially impossible. There is no evidence of
significant toroidal magnetic field component for radio pul-
sars. Even though it is conjectured that a toroidal component
exists for Galactic magnetars, the degree is twisting must be
much weaker than millisecond magnetars since the magne-
tar activities (quiescent emission and soft γ-ray bursts) are
believed to be powered by magnetar untwisting (Thompson
& Duncan 2001). Very likely ηm/ηp is less than unity in-
stead, so that the characteristic gravitational wave amplitude
hc for Galactic pulsars and magnetars shown in Figure 3 are
over estimated. Even ET might not be capable to detect these

3

upper limit on ϵ can be set by comparing hc with the noise
level of the GW detector

hrms =
[

f Sn( f )
]1/2

, (10)

where Sn( f ) is the power spectral density (PSD) of the de-
tector noise. We consider aLIGO, ET and eLISA (Amaro-
Seoane et al. 2012) detectors for a single detector analysis.
The PSD for aLIGO O1 and the designed PSD for eLISA are
adopted from the respective websites of these collaborations2.
For the designed PSD of aLIGO, we adopt the following ana-
lytical model (Arun et al. 2005; Sun et al. 2015a)

Sn( f ) = S0

[

x−4.14
− 5x−2

+
111(1 − x2

+ x4/2)

1 + x2/2

]

(11)

for f ≥ 20 Hz, where x = f/ f0, f0 = 215 Hz, and S0 =
10−49 Hz−1. When f < 20 Hz, Sn( f ) = ∞ is adopted.

For the designed PSD of ET, we adopt the following ana-
lytical model (Mishra et al. 2010; Sun et al. 2015a)

Sn( f ) = S0

[

2.39× 10−27x−15.67
+ 0.349x−2.145

+ 1.76x−0.12
+ 0.409x1.1

]2 (12)

for f ≥ 10 Hz, where x = f/ f0, f0 = 100 Hz, and S0 =
10−50 Hz−1. When f < 10 Hz, Sn( f ) = ∞ is adopted.

3. RESULTS

3.1. Millisecond magnetars in SGRBs

Based on the results from Gao et al. (2016), we adopt
Bdip,m = 1015 G and ϵm = 0.005 as the dipole magnetic field
strength and the ellipticity for the millisecond magnetars.
With Eqs. 8 and 9, one can estimate the characteristic
gravitational wave amplitude hc for millisecond magnetars
in SGRBs. Comparing the value of hc with the noise level
of the GW detectors hrms, one can estimate the detection
horizon of GW signals from these millisecond magnetars,
i.e.

d ≤

(

5IG

Pc3

)1/2

h−1
rms (13)

! 360 Mpc

(

hrms

10−22

)−1(
I

1045 g cm2

)1/2(
P

1 ms

)−1/2

Substituting Eqs. 11 and 12, we plot the detection hori-
zon of GW signals from millisecond magnetars for aLIGO
and ET (Figure 1). We can see that the aLIGO horizon for
such a signal could be up to 400 Mpc, while the ET horizon
could be up to 3 Gpc, both for relatively-slowly-spinning
magnetars (p ≥ 8 ms). For ∼ 1 ms magnetars as inferred
from the SGRB data (Gao et al. 2016), the detection hori-
zons for aLIGO and ET are ∼ 30 Mpc and ∼ 600 Mpc, re-
spectively. The corresponding SGRB detection rate (Wan-
derman & Piran 2015; Sun et al. 2015b) is low for aLIGO,
but is reasonably high for ET (Fig. 1).

3.2. Galactic pulsars and magnetars

With the calibration from millisecond magnetars inferred
from SGRB data (Gao et al. 2016), the ellipticity for a pulsar

2 For aLIGO, see https: //dcc.ligo.org/LIGO- G1600150/public;
and for eLISA, see https://www.elisascience.org/articles/elisa-mission/lisa-
white-paper.
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(ϵp) with dipole magnetic field strength Bdip,p could be extrap-
olated from Eq. 6.

In Figure 2, we plot the extrapolated results for different
ηm/ηp values. Comparing with the aLIGO O1 results, we find
that the millisecond magnetar ellipticity value inferred from
the SGRB data would be consistent with the aLIGO O1 re-
sults, as long as ηm is not larger than ηp by more than one
order of magnitude. Since the toroidal field is more impor-
tant (smaller η) in rapid rotators, it is essentially impossible
to have ηm/ηp > 1. Our results therefore suggest that the
non-detection of Galactic pulsars by aLIGO O1 is naturally
expected given the ϵm inferred from the SGRB data.

With the calibration from Eq. 6, we can estimate the char-
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adopted from the respective websites of these collaborations2.
For the designed PSD of aLIGO, we adopt the following ana-
lytical model (Arun et al. 2005; Sun et al. 2015a)

Sn( f ) = S0

[

x−4.14
− 5x−2

+
111(1 − x2

+ x4/2)

1 + x2/2

]

(11)

for f ≥ 20 Hz, where x = f/ f0, f0 = 215 Hz, and S0 =
10−49 Hz−1. When f < 20 Hz, Sn( f ) = ∞ is adopted.

For the designed PSD of ET, we adopt the following ana-
lytical model (Mishra et al. 2010; Sun et al. 2015a)

Sn( f ) = S0

[

2.39× 10−27x−15.67
+ 0.349x−2.145

+ 1.76x−0.12
+ 0.409x1.1

]2 (12)

for f ≥ 10 Hz, where x = f/ f0, f0 = 100 Hz, and S0 =
10−50 Hz−1. When f < 10 Hz, Sn( f ) = ∞ is adopted.

3. RESULTS

3.1. Millisecond magnetars in SGRBs

Based on the results from Gao et al. (2016), we adopt
Bdip,m = 1015 G and ϵm = 0.005 as the dipole magnetic field
strength and the ellipticity for the millisecond magnetars.
With Eqs. 8 and 9, one can estimate the characteristic
gravitational wave amplitude hc for millisecond magnetars
in SGRBs. Comparing the value of hc with the noise level
of the GW detectors hrms, one can estimate the detection
horizon of GW signals from these millisecond magnetars,
i.e.

d ≤

(

5IG

Pc3

)1/2

h−1
rms (13)

! 360 Mpc

(

hrms

10−22

)−1(
I

1045 g cm2

)1/2(
P

1 ms

)−1/2

Substituting Eqs. 11 and 12, we plot the detection hori-
zon of GW signals from millisecond magnetars for aLIGO
and ET (Figure 1). We can see that the aLIGO horizon for
such a signal could be up to 400 Mpc, while the ET horizon
could be up to 3 Gpc, both for relatively-slowly-spinning
magnetars (p ≥ 8 ms). For ∼ 1 ms magnetars as inferred
from the SGRB data (Gao et al. 2016), the detection hori-
zons for aLIGO and ET are ∼ 30 Mpc and ∼ 600 Mpc, re-
spectively. The corresponding SGRB detection rate (Wan-
derman & Piran 2015; Sun et al. 2015b) is low for aLIGO,
but is reasonably high for ET (Fig. 1).

3.2. Galactic pulsars and magnetars

With the calibration from millisecond magnetars inferred
from SGRB data (Gao et al. 2016), the ellipticity for a pulsar

2 For aLIGO, see https: //dcc.ligo.org/LIGO- G1600150/public;
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(ϵp) with dipole magnetic field strength Bdip,p could be extrap-
olated from Eq. 6.

In Figure 2, we plot the extrapolated results for different
ηm/ηp values. Comparing with the aLIGO O1 results, we find
that the millisecond magnetar ellipticity value inferred from
the SGRB data would be consistent with the aLIGO O1 re-
sults, as long as ηm is not larger than ηp by more than one
order of magnitude. Since the toroidal field is more impor-
tant (smaller η) in rapid rotators, it is essentially impossible
to have ηm/ηp > 1. Our results therefore suggest that the
non-detection of Galactic pulsars by aLIGO O1 is naturally
expected given the ϵm inferred from the SGRB data.

With the calibration from Eq. 6, we can estimate the char-
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Long-duration (42 s) g-ray bursts (GRBs) are believed to
originate from Collapsars that involve death of massive stars
and are expected to be accompanied by luminous super-

novae (SNe). GRB 060614 was a nearby burst with a duration of
102 s at a redshift of 0.125(ref. 1). While it is classified as a long
burst according to its duration, extensive searches did not
find any SNe-like emission down to limits hundreds of times
fainter2–4 than SN 1998bw, the archetypal hypernova that
accompanied long GRBs5. Moreover, the temporal lag and peak
luminosity of GRB 060614 fell entirely within the short duration
subclass and the properties of the host galaxy distinguish it from
other long-duration GRB hosts. Thus, GRB 060614 did not fit
into the standard picture in which long-duration GRBs arise from
the collapse of massive stars while short ones arise from compact
binary mergers. It was nicknamed the ‘long–short burst’ as its
origin was unclear. Some speculated that it originated from
compact binary merger and thus it is intrinsically a ‘short’
GRB1,4,6–8. Others proposed that it was formed in a new type of a
Collapsar which produces an energetic g-ray burst that is not
accompanied by an SNe2–4.

Two recent developments may shed a new light on the origin of
this object. The first is the detection of a few very weak SNe (for
example, SN 2008ha9) with peak bolometric luminosities as low
as LB1041 erg s! 1. The second is the detection of an infrared
bump, again with a LB1041 erg s! 1, in the late afterglow of the
short burst GRB 130603B10,11. This was interpreted as a
Li-Paczyński macronova (also called kilonova)12–19—a near-
infrared/optical transient powered by the radioactive decay of
heavy elements synthesized in the ejecta of a compact binary
merger. Motivated by these discoveries, we re-examined the
afterglow data of this peculiar burst searching for a signal
characteristic to one of these events.

The X-ray and UV/optical afterglow data of GRB 060614, were
extensively examined in the literature20,21 and found to follow
very well the fireball afterglow model up to tB20 days22. The
J-band has been disregarded because only upper limits
B19–20th mag with a sizeable scatter are available at t 42.7
days, and these are too bright to significantly constrain even
supernovae as luminous as SN 1998bw23. In this work we focus
on the optical emission. We have re-analysed all the late time
(that is, t Z1.7 days) very large telescope (VLT) V, R and I -band
archival data and the Hubble space telescope (HST) F606W and
F814W archival data, including those reported in the literature3,4

and several unpublished data points. Details on data reduction
are given in the Methods.

Results
The discovery of a significant F814W-band excess. Figure 1
depicts the most complete late-time optical light curves
(see Supplementary Table 1; the late VLT upper limits are not
shown in Fig. 1) of this burst. The VLT V, R and I-band fluxes
decrease with time as pt! 2.30±0.03 (see Fig. 1, in which the VLT
V/I band data have been calibrated to the F606W/F814W filters
of HST with proper k-corrections), consistent with that found
earlier3,20,21. However, the first HST F814W data point is
significantly above the same extrapolated power-law decline.
The significance of the deviation is B6s (see the estimate in the
Methods). No statistically significant excess is present in both the
F606W and the R bands. The F814W-band excess is made most
forcibly by considering the colour evolution of the transient,
defined as the difference between the magnitudes in each filter,
which evolves from V–IE0.65 mag by the VLT (correspondingly
for HST we have F606W–F814WE0.55 mag) at about t B1.7
days to F606W–F814WE1.5 mag by HST at about 13.6 days
after the trigger of the burst. With proper/minor extinction

corrections, the optical to X-ray spectrum energy distribution for
GRB 060614 at the epoch of B1.9 days is nicely fitted by a single
power law3,20,21 Fvpv! 0.8. In the standard external forward
shock afterglow model, the cooling frequency is expected to drop
with time as22 vcpt! 1/2. Thus, it cannot change the optical
spectrum in the time interval of 1.9–13.6 days. Hence, the
remarkable colour change and the F814W-band excess of
B1 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 413.6
days. Note that an unexpected optical re-brightening was also
detected in GRB080503, another ‘long–short’ burst24. 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.

Discussion
Shortly after the discovery of GRB 060614 it was speculated that it
is powered by an ‘unusual’ core collapse of a massive star2,3.
We turn now to explore whether the F814W-band excess
can be powered by a weak supernova. Figure 2 depicts the
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Figure 1 | The afterglow emission of GRB 060614. The VLT and HST
observation vega magnitudes including their 1s statistical errors of the
photon noise and the sky variance and the 3s upper limits (the downward
arrows) are adopted from Supplementary Table 1. The small amounts of
foreground and host extinction have not been corrected. Note that the VLT
V/I band data have been calibrated to the HST F606W/F814W filters with
proper k-corrections (see Methods). The VLT data (the circles) are
canonical fireball afterglow emission while the HST F814W detection
(marked in the square) at tB13.6 days 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 light curve of SN 2008ha 27 expected at
z¼0.125 is also presented for comparison. The dashed lines are macronova
model light curves generated from numerical simulation 28 for the ejecta
from a black hole–neutron star merger. Error bars represent s.e.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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merger-novae in the future.
It is interesting to compare the properties of magnetar-

powered merger-novae and the r-process powered merger-
novae claimed in the literature. In Figure 2, we present the
peak luminosities of all claimed cases, compared with the typ-
ical luminosities of novae, supernovae, and super-luminous
supernovae. One can see that the three r-process powered
merger-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-powered
merger-novae claimed in this paper, on the other hand, are sys-
tematically brighter by more than one order of magnitude, so
that the term “kilo-nova” cannot catch the properties of these
events. The two populations 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 product.

To interpret the data of GRB 050724, we need a rela-
tively large value of the initial spin period of the magnetar
Pi = 5 ms. In this case, the total energy budget of the mag-
netar power is relatively small, ∼ 1051 ergs. This may be
due to gravitational wave radiation loss during the merger
process (Radice et al. 2016) or after the merger due to the
large deformation of the magnetar (Fan et al. 2013b; Gao et al.
2016; Lasky & Glampedakis 2016). Most recently, Fong et al.

(2016) studied the long-term radio behavior of GRB 050724
with the Very Large Array, and placed a stringent limit of
Emax ≈ (2 − 5)× 1051 erg on the rotational energy of a sta-
ble magnetar. This is consistent with our results. However,
we notice that the limit in Fong et al. (2016) is placed by as-
suming ϵB = 0.1, a relatively extreme value for ϵB in GRB af-
terglow modeling (Kumar & Zhang 2015; Wang et al. 2015).
We adopt ϵB = 0.001 to interpret the afterglow data of GRB
050724, in this case, the constraint on the rotational energy
would become much looser, e.g., Emax could be larger than
1052 erg (Fong et al. 2016).

Taking into account GRB 080503, we now have 4 candi-
dates of magnetar-powered merger-nova. Among the sample,
GRB 080503 and GRB 050724 show late re-brightening fea-
ture in the X-ray band, indicating a stable magnetar (at least
stable up to 105 s) as the central engine. For GRB 070714B
and GRB 061006, the supra-massive NSs seem to have col-
lapsed to black holes before their surrounding ejecta become
transparent (collapse before 105 s). Although the sample is
small, the ratio between stable magnetars and supra-massive
magnetars is roughly 1 : 1, which is consistent with the re-
sults predicted in Gao et al. (2016), where a neutron star EoS
with a maximum mass close to a parameterization of Mmax =
2.37M⊙(1 + 1.58× 10−10P−2.84) is adopted. A larger sample
of magnetar-powered merger-novae in the future could give
more stringent constraints on the EoS for neutron matter.

With the current sample, some simple statistics may be ob-
tained. For instance, for the central magnetar, the values of
initial spin period spans from 2 ms to 5 ms, and the dipolar
magnetic field of strength span from 5×1015 G to 1016 G. The
mass of the ejecta material spans from 10−3 M⊙ to 10−2 M⊙.
A larger sample in the future would increase the statistics
and shed light into the detailed properties of the binary NS
merger products, both the central magnetar and the surround-
ing ejecta.
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der Grant No. 11543005. L. H. J. acknowledges support
by the Scientific Research Foundation of Guangxi University
(Grant No. XGZ150299) and One-Hundred-Talents Program
of Guangxi colleges.

REFERENCES

Abbott, B. P., Abbott, R., Adhikari, R., et al. 2009, Reports on Progress in
Physics, 72, 076901

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016b, Physical Review Letters,
116, 241103

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016a, Physical Review Letters,
116, 061102

Acernese, F., Alshourbagy, M., Amico, P., et al. 2008, Classical and Quantum
Gravity, 25, 114045

Barbier, L., Barthelmy, S. D., Cummings, J., et al. 2007, GRB Coordinates
Network, 6623, 1

Barnes, J., & Kasen, D. 2013, ApJ, 775, 18
Barthelmy, S. D., Chincarini, G., Burrows, D. N., et al. 2005, Nature, 438,

994
Bauswein, A., Goriely, S., & Janka, H.-T. 2013, ApJ, 773, 78
Berger, E., Price, P. A., Cenko, S. B., et al. 2005, Nature, 438, 988
Berger, E., Fox, D. B., Price, P. A., et al. 2007, ApJ, 664, 1000
Berger, E. 2011, New A Rev., 55, 1
Berger, E., Fong, W., & Chornock, R. 2013, ApJ, 774, L23
Burenin, R., Pavlinsky, M., Sunyaev, R., et al. 2005, GRB Coordinates

Network, 3671, 1

Burrows, D. N., Grupe, D., Capalbi, M., et al. 2006, ApJ, 653, 468
Campana, S., Tagliaferri, G., Lazzati, D., et al. 2006, A&A, 454, 113
Cenko, S. B., Berger, E., Nakar, E., et al. 2008, arXiv:0802.0874
Chu, Q., Howell, E. J., Rowlinson, A., et al. 2016, MNRAS, 459, 121
Connaughton, V., Burns, E., Goldstein, A., et al. 2016, arXiv:1602.03920
Covino, S., Antonelli, L. A., Romano, P., et al. 2005, GRB Coordinates

Network, 3665, 1
Dai, Z. G., Wang, X. Y., Wu, X. F., & Zhang, B. 2006, Science, 311, 1127
D’Avanzo, P., Covino, S., Antonelli, L. A., et al. 2005, GRB Coordinates

Network, 3690, 1
De Pasquale, M., Schady, P., Kuin, N. P. M., et al. 2010, ApJ, 709, L146
Dessart, L., Ott, C. D., Burrows, A., Rosswog, S., & Livne, E. 2009, ApJ,

690, 1681
Eichler, D., Livio, M., Piran, T., & Schramm, D. N. 1989, Nature, 340, 126
Evans, P. A., Beardmore, A. P., Page, K. L., et al. 2009, MNRAS, 397, 1177
Fan, Y.-Z., & Xu, D. 2006, MNRAS, 372, L19
Fan, Y.-Z., Yu, Y.-W., Xu, D., et al. 2013a, ApJ, 779, L25
Fan, Y.-Z., Wu, X.-F., & Wei, D.-M. 2013b, Phys. Rev. D, 88, 067304
Fernández, R., & Metzger, B. D. 2013, MNRAS, 435, 502
Fong, W.-f., Metzger, B. D., Berger, E., & Ozel, F. 2016, arXiv:1607.00416

Taking into account GRB 080503,
 we now have 4 candidates of
 magnetar-powered merger-nova.  
 
GRB 080503 and GRB 050724
 indicating a stable NS; GRB
 070714B and GRB 061006,
 indicating a supra-massive NS. 
 
3 candidates of  r-process powered
 merger-nova have been claimed.
 The ratio of  BH, stable NS and
 supra-massive NS is roughly 1:1:1,
 which is consistent with previous
 results.�

Magnetar-powered merger-novae are
 systematically brighter. 
We propose to call r-process powered
 merger-nova.�
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BH: 2% <25 mag 
Magnetar: 46.2% <25mag�

delay distribution models to construct several redshift
distributions that correspond to the three delay models with
the best-fit parameters. First, we randomly generate 10,000
compact star binary systems with a redshift distribution
tracking the SFH following the model of Yüksel et al. (2008).
Next, we randomly generate the merger delay timescales of
all these systems based on the three merger delay timescale
models listed in Table 2. For each model, we derive the
lookback time of SGRBs by subtracting the merger delay
time from the formation time, and we transfer the lookback
time to redshift. We repeat the process 10,000 times (each
with 10,000 events simulated). By averaging the results,
we are able to derive the average redshift distribution of
the simulated samples. We fit the derived redshift distribution
(for all three merger delay models) using multiple-PL
functions and derive an empirical expression of f(z) for
each model. The simulated results with best-fit empirical
models are shown in Figure 1. The distributions are
normalized to unity at the local universe (z= 0). The
empirical formulae of f(z) for the three merger delay models
are as follows.

For the Gaussian delay model (Virgili et al. 2011b), one has
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with η = −2, which is roughly a BPL with redshift breaks at
z1 = 0.45, z2 = 2.0, andz3 = 3.0.
For the lognormal delay model (Wanderman & Piran 2014),

one has

f z z
z

z z

1
1
0.36

1
3.3

1
3.3

, 21

SGRB
LN 5.7

1.3

9.5 24.5
1

( ) ( )

( )

= + +
+

+
+

+
+

h
h

h h- - h

⎜ ⎟

⎜ ⎟ ⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥

with η = −2, which is roughly a BPL with redshift breaks at
z1 = 0.35, z2 = 1.5, andz3 = 2.3.
For the PL model (Wanderman & Piran 2014), one has
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with η = −2.6. This model has a wider redshift distribution
compared to the first two models (owing to the wide range of
the merger delay time). It is roughly a BPL with redshift breaks
at z1 = 0.42, z2 = 3.4, andz3 = 11.3. The SGRB data do not

Table 2
Best-fit Merger Delay Models of SGRBs with Respect to Star Formation History

Delay Model Formula Best-fit Parameters Reference

Gaussian (G) m d dexp 2t
G 2 t,G

d,G 2

t,G
2( ) ( )t t ps t= - t

s
-⎜ ⎟⎛

⎝
⎞
⎠

tt,G = 2 Gyr, σt,G = 0.3 (1)

Lognormal (LN) m d dln exp 2 lnt
LN

ln ln

2 t,LN
d,LN 2

t,LN
2 ( )( ) ( )t t ps t= - t

s
-⎜ ⎟⎛

⎝
⎞
⎠

tt,LN = 2.9 Gyr, σt,LN = 0.2 (2)

Power law (PL) g d dPL
t( )t t t t= a- αt = 0.81 (2)

References. (1) Virgili et al. 2011b; (2) Wanderman & Piran 2014.

Figure 1. Redshift distribution derived from Monte Carlo simulations for short GRBs considering three delay time models with respect to star formation history:
Gaussian (black), lognormal (blue), and PL (red). For each model, the result is derived from the average of 10,000 simulations, each with simulated 10,000 systems.
Dots are the simulated results, and the curve is the empirical multiple-PL fits given in Equations (20)–(22).
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merger-novae in the future.
It is interesting to compare the properties of magnetar-

powered merger-novae and the r-process powered merger-
novae claimed in the literature. In Figure 2, we present the
peak luminosities of all claimed cases, compared with the typ-
ical luminosities of novae, supernovae, and super-luminous
supernovae. One can see that the three r-process powered
merger-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-powered
merger-novae claimed in this paper, on the other hand, are sys-
tematically brighter by more than one order of magnitude, so
that the term “kilo-nova” cannot catch the properties of these
events. The two populations 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 product.

To interpret the data of GRB 050724, we need a rela-
tively large value of the initial spin period of the magnetar
Pi = 5 ms. In this case, the total energy budget of the mag-
netar power is relatively small, ∼ 1051 ergs. This may be
due to gravitational wave radiation loss during the merger
process (Radice et al. 2016) or after the merger due to the
large deformation of the magnetar (Fan et al. 2013b; Gao et al.
2016; Lasky & Glampedakis 2016). Most recently, Fong et al.

(2016) studied the long-term radio behavior of GRB 050724
with the Very Large Array, and placed a stringent limit of
Emax ≈ (2 − 5)× 1051 erg on the rotational energy of a sta-
ble magnetar. This is consistent with our results. However,
we notice that the limit in Fong et al. (2016) is placed by as-
suming ϵB = 0.1, a relatively extreme value for ϵB in GRB af-
terglow modeling (Kumar & Zhang 2015; Wang et al. 2015).
We adopt ϵB = 0.001 to interpret the afterglow data of GRB
050724, in this case, the constraint on the rotational energy
would become much looser, e.g., Emax could be larger than
1052 erg (Fong et al. 2016).

Taking into account GRB 080503, we now have 4 candi-
dates of magnetar-powered merger-nova. Among the sample,
GRB 080503 and GRB 050724 show late re-brightening fea-
ture in the X-ray band, indicating a stable magnetar (at least
stable up to 105 s) as the central engine. For GRB 070714B
and GRB 061006, the supra-massive NSs seem to have col-
lapsed to black holes before their surrounding ejecta become
transparent (collapse before 105 s). Although the sample is
small, the ratio between stable magnetars and supra-massive
magnetars is roughly 1 : 1, which is consistent with the re-
sults predicted in Gao et al. (2016), where a neutron star EoS
with a maximum mass close to a parameterization of Mmax =
2.37M⊙(1 + 1.58× 10−10P−2.84) is adopted. A larger sample
of magnetar-powered merger-novae in the future could give
more stringent constraints on the EoS for neutron matter.

With the current sample, some simple statistics may be ob-
tained. For instance, for the central magnetar, the values of
initial spin period spans from 2 ms to 5 ms, and the dipolar
magnetic field of strength span from 5×1015 G to 1016 G. The
mass of the ejecta material spans from 10−3 M⊙ to 10−2 M⊙.
A larger sample in the future would increase the statistics
and shed light into the detailed properties of the binary NS
merger products, both the central magnetar and the surround-
ing ejecta.
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FIG. 1: Bolometric light curve of a kilonova of hybrid energy sources. The thin dashed and dash-doted lines represent the
heating power of radioactivity and NS spin-down, respectively. The thick dashed and dashed-dotted lines are bolometric light
curves powered by the corresponding single energy source. The solid line is the result of the combination of the two energy
sources. A uniform intermediate opacity is taken.
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FIG. 2: UVOIR light curves of kilonova AT 2017gfo. From top to bottom: (K,Ks)−3, H−2, J−1, y−0, (z, z′)+1, (i, i′I)+
2, (r′, r, R) + 3, V + 4, g + 5, (B, g′) + 6, (U,F336W,u) + 7. The solid lines are given by our hybrid energy source model
and the observational data (solid circles) or limits (triangles) are taken from Villar et al. (2017). The ejecta parameters are
κ = 1.0 cm2g−1, Mej = 0.035M⊙, vmin = 0.12c, vmax = 0.35c, and δ = 1.5. The NS parameters are tsd = 1.6 × 105s and
ξLsd(0) = 2.0× 1041erg s−1 for α = 1 (upper thick lines) and tsd = 4.0× 105s and ξLsd(0) = 2.5× 1041erg s−1 for α = 2 (under
thin lines). The dashed lines are the results by only considering the radioactive power.
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curves powered by the corresponding single energy source. The solid line is the result of the combination of the two energy
sources. A uniform intermediate opacity is taken.
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FIG. 2: UVOIR light curves of kilonova AT 2017gfo. From top to bottom: (K,Ks)−3, H−2, J−1, y−0, (z, z′)+1, (i, i′I)+
2, (r′, r, R) + 3, V + 4, g + 5, (B, g′) + 6, (U,F336W,u) + 7. The solid lines are given by our hybrid energy source model
and the observational data (solid circles) or limits (triangles) are taken from Villar et al. (2017). The ejecta parameters are
κ = 1.0 cm2g−1, Mej = 0.035M⊙, vmin = 0.12c, vmax = 0.35c, and δ = 1.5. The NS parameters are tsd = 1.6 × 105s and
ξLsd(0) = 2.0× 1041erg s−1 for α = 1 (upper thick lines) and tsd = 4.0× 105s and ξLsd(0) = 2.5× 1041erg s−1 for α = 2 (under
thin lines). The dashed lines are the results by only considering the radioactive power.
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curves powered by the corresponding single energy source. The solid line is the result of the combination of the two energy
sources. A uniform intermediate opacity is taken.
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FIG. 2: UVOIR light curves of kilonova AT 2017gfo. From top to bottom: (K,Ks)−3, H−2, J−1, y−0, (z, z′)+1, (i, i′I)+
2, (r′, r, R) + 3, V + 4, g + 5, (B, g′) + 6, (U,F336W,u) + 7. The solid lines are given by our hybrid energy source model
and the observational data (solid circles) or limits (triangles) are taken from Villar et al. (2017). The ejecta parameters are
κ = 1.0 cm2g−1, Mej = 0.035M⊙, vmin = 0.12c, vmax = 0.35c, and δ = 1.5. The NS parameters are tsd = 1.6 × 105s and
ξLsd(0) = 2.0× 1041erg s−1 for α = 1 (upper thick lines) and tsd = 4.0× 105s and ξLsd(0) = 2.5× 1041erg s−1 for α = 2 (under
thin lines). The dashed lines are the results by only considering the radioactive power.
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spin-down1, as an alternative to the widely-considered
multiple-opacity model.
Our calculations are implemented in the framework of

a simplified radiation-transfer model designed by Met-
zger (see Section 4 of Reference [39]), which can well
approximate the radiation transfer and reveal the influ-
ence of mass distribution. For simplicity, a black-body
spectrum is always adopted. The density distribution of
the ejecta is taken as a power law as [80]

ρej(r, t) =
(3 − δ)Mej

4πr3max

[

(

rmin

rmax

)3−δ

− 1

]−1
(

r

rmax

)−δ

,

(3)
where Mej is the total mass and rmax and rmin are the
radii of the head and bottom of the ejecta, respectively.
By considering that the injected energy is obviously
smaller than the initial kinetic energy of the ejecta, its dy-
namic evolution due to adiabatic expansion is neglected.
Therefore, the radii can be calculated by rmax = vmaxt
and rmin = vmint by introducing the maximum and min-
imum velocities. The spin-down power carried by the
NS wind consisting of electrons and positrons can evolve
with time as

Lsd(t) = Lsd(0)

(

1 +
t

tsd

)−α

, (4)

where the spin-down timescale tsd can be determined ei-
ther by magnetic dipole radiation (MDR) or by GW ra-
diation, corresponding to a decay index of α = 2 or 1,
respectively. In any case, the initial value of Lsd can
always be approximated by the luminosity of MDR as

Lsd(0) =
B2

pR
6
s

6c3
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= 9.6×1048R6
s,6B

2
p,15P

−4
i,−3erg s

−1,

(5)
where Rs,6 = Rs/106cm, Bp,15 = Bp/1015G, and Pi,−3 =
Pi/1ms are the radius, the polar magnetic field strength,
and the initial spin period of the NS, respectively, and c is
the speed of light. Finally, as discussed, in our calculation
a uniform opacity is considered for the observed ejecta,
the value of which is probably not much higher than a
few because of the re-ionization of the ejecta by NS wind
emission.
An example bolometric light curve of a kilonova is pre-

sented in Figure 1. While the radioactive power domi-
nates the kilonova emission of the first few days, its late
emission would be gradually controlled by the spin-down
power of the remnant NS. The UVOIR light curves of

1 Due to the extra NS energy source, the luminosity of the ejecta
emission could in principle vary in a wide range. Therefore, Yu
et al. [53] suggested to name the emission of the merger ejecta
by a “mergernova”, which can be divided into NS-powered ones
and radioactivity-powered ones (i.e. kilonovae). Possible NS-
powered mergernova candidates have been previously discussed
by Fan et al. [75] and Gao et al. [76].

AT 2017gfo, which are taken from Villar et al. [63], are
modeled by our hybrid energy source scenario in Figure
2. The deviation of the model from the data in some
individual filters could somewhat arise from the black
body simplification of the spectra. The excess of the
data during the first day can be ascribed to the emis-
sion from a cooling cocoon as suggested by Kasliwal et
al. [16], where the cocoon is formed as a result of the
propagation through and breakout from the ejecta of a
GRB jet. In any case, while the mass and velocity of the
ejecta are generally consistent with the results of pre-
vious works [8, 15–17, 22, 63], an intermediate opacity
κ = 1.0 cm2g−1 is revealed, which indicates that the pri-
mary kilonova emission is neither “blue” nor “red”. Due
to the existence of the remnant NS, such a “purple” kilo-
nova can be naturally emitted by the tidal tail ejecta
that is lanthanide-rich but deeply ionized. In contrast to
the popular multiple-opacity model, an advantage of our
single-opacity model is that the observation of a single
“purple” kilonova component is insensitive to the open-
ing angle of polar ejecta and the viewing angle of ob-
servers, because the tidal tail ejecta is observable in all
directions.
The NS parameters are degenerated and thus it is dif-

ficult to distinguish the braking mechanisms of the rem-
nant NS by the present data. For GW radiation braking,
the spin-down timescale can be expressed by

tsd,gw =
5P 4

i c
5

2048π4GIϵ2
= 9.1× 105ϵ−2

−4I
−1
45 P 4

i,−3s (6)

where G is the gravitational constant, I45 = I/1045g cm2

is the moment of inertia, and ϵ is the ellipticity of the NS.
Combining Equations 5 and 6 with the parameter values
tsd = 1.6× 105s and ξLsd(0) = 2.0× 1041erg s−1 that are
inferred from AT 2017gfo, we can obtain

Bp = 1.4× 1011ξ−1/2R−3
6 P 2

i,−3G, (7)

and

ϵ = 3.4× 10−4I−1/2
45 P 2

i,−3. (8)

The derived magnetic field is similar to those of canonical
Galactic pulsars. The parameter ξ, which represents the
energy fraction of the e±-wind of the NS that can be in-
jected into the merger ejecta, could be much smaller than
unity, based on the following two reasons. (1) The over-
whelming majority of the energy of the e±-wind could
be collimated into a small cone that points to the GRB
jet, and (2) a remarkable fraction of energy could be re-
flected back into the wind when the wind emission en-
counters with the bottom of the merger ejecta [54]. For
a small ξ, the polar filed strength presented in Equa-
tion 7 can be somewhat increased, but cannot be very
high. Meanwhile, the relatively high ellipticity presented
in Equation 8 may imply that the internal and proba-
bly toroidal magnetic fields of the NS is ultra-strong, if
the ellipticity primarily induced by the magnetic fields as
[81] ϵ ≈ 10−4(Bint/1016G)2. In any case, by considering
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modeled by our hybrid energy source scenario in Figure
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body simplification of the spectra. The excess of the
data during the first day can be ascribed to the emis-
sion from a cooling cocoon as suggested by Kasliwal et
al. [16], where the cocoon is formed as a result of the
propagation through and breakout from the ejecta of a
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vious works [8, 15–17, 22, 63], an intermediate opacity
κ = 1.0 cm2g−1 is revealed, which indicates that the pri-
mary kilonova emission is neither “blue” nor “red”. Due
to the existence of the remnant NS, such a “purple” kilo-
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the popular multiple-opacity model, an advantage of our
single-opacity model is that the observation of a single
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Galactic pulsars. The parameter ξ, which represents the
energy fraction of the e±-wind of the NS that can be in-
jected into the merger ejecta, could be much smaller than
unity, based on the following two reasons. (1) The over-
whelming majority of the energy of the e±-wind could
be collimated into a small cone that points to the GRB
jet, and (2) a remarkable fraction of energy could be re-
flected back into the wind when the wind emission en-
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bly toroidal magnetic fields of the NS is ultra-strong, if
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JD 11. Cosmic Chemical Evolution with Brightest Events 121

cating that the neutral-gas regions crossed by GRBs are larger, or denser, or both, than
those crossed by QSOs. In Fig. 2 we show the metal abundances measured in the DLAs
detected in GRB hosts and in QSO sight lines. It was claimed, from a smaller sam-
ple, that GRB-DLAs have generally higher metallicity than QSO-DLAs (Berger et al.
2006; Savaglio 2006; Prochaska et al. 2007). The most up-to-date sample of GRB-DLAs,
shown in Fig. 2, contains 17 measurements and two lower limits in the redshift interval
2 < z < 6.3. The average value (and statistical dispersion) for the 15 GRB-DLAs in
2.0 < z < 4.5 is <[Z/H]> = −1.0± 0.7, whereas for the 156 QSO-DLAs in the same red-
shift interval this is <[Z/H]> = −1.4 ± 0.6. The new large sample of GRB-DLAs tends
to show still a higher metal content than QSO-DLAs, but the gap is getting smaller.
This indicates that the observational bias that prevents us from measuring abundances
when metal lines are too weak might affect our results. The difference with QSO-DLAs
is that GRB afterglows, when spectroscopically observed, are on average several magni-
tudes fainter than the typical QSO, and they cannot be observed for too long because
they disappear quickly.

For lower redshift, z < 1, metallicities are measured with emission lines from HII
regions in the host galaxy. Emission line metallicities rely on different calibrators (Kewley
& Ellison 2008) used depending on the set of lines available, according to the GRB redshift

Figure 2. Redshift evolution of the metallicity relative to solar values, for 17 GRB-DLAs at
z > 2, 16 GRB hosts at z < 1 and ∼ 250 QSO-DLAs in the interval 0 < z < 4.4. Error
bars are not available for all GRB-DLAs. Errors for GRB hosts are not estimated. Errors for
QSO-DLAs are generally smaller than 0.2 dex. The dashed line is the best-fit linear correlation
for QSO-DLAs. The solid line is the mean metallicity predicted by semi-analytic models for
galaxy formation (Somerville et al. 2001). The GRB-DLAs metallicity in 2 < z < 4.5 is on
average 2.5 times higher than the average value in QSO-DLAs in the same redshift interval.
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GW Signature: Ring-down Phase 

frequencies as a result of the modulation of the
(rotating) oscillation of the two stellar cores (cf. Ap-
pendix A of [34]). Note that although f1, f3 are only
predicted analytically, they do coincide with the
maximum values of the spectrogram. This provides
an important confirmation on the correctness of the
interpretation in Ref. [34].

(iii) The frequencies f2–0 (cyan solid lines) do not have
significant power during the transient phase, and it is
only later that they may produce a contribution and
only for rather stiff EOSs (cf. Fig. 4, which we
discuss below). Note also that the frequencies f2–0
are measured from f2 and fm¼0, respectively,
leaving no room for interpretation.

(iv) The frequency fspiral (red dashed lines) is essentially
the same as the f1 frequency for the stiff EOS
GNH3, while it is significantly different for the soft
EOS APR4. The fact that fspiral ∼ f1 in some cases,
but not in all cases, holds true also when considering
other EOSs, and it was found also in Ref. [43]. We
will touch on this point further below (see dashed
blue and red lines in Figs. 5 and 6 and relative
discussion).

(v) Because the frequency fspiral is predicted from an
analytic expression [cf. Eq. (2) of [43]], its coinci-
dence with the f1 frequency for stiff EOSs suggests
that the two frequencies are just the same for stiff
EOSs. On the other hand, for soft EOSs the frequen-
cies fspiral do select a genuinely different mode,
which are, however, short lived; as we will show
in Fig. 5, the total power stored in these fspiral modes
is always very small in our data (see also [43]).

(vi) The only partial correspondence between the f1 and
fspiral frequencies can explain why the f1 frequen-
cies are found to behave universally [34,42], while
the fspiral are not [43].

To recap, the analysis of the spectrograms in the transient
phase reveals that three modes are clearly visible: f2;i, f1,
f3. The last two disappear later on, while the first one
survives as f2 and with changes of a few percent. The fspiral
frequencies essentially coincide with the f1 frequencies for
stiff EOSs, while marking a different mode for soft EOSs;
these latter frequencies are short lived and provide a
minimal contribution to the total PSD.

B. Waveform properties: Quasistationary signals

We next discuss the spectral properties of the signal
when considered over a much longer time scale, which we
take to be at least 20 ms after the merger if the HMNS does
not collapse before. This is shown in Fig. 3, again for two
representative EOSs and for the fiducial mass of
M ¼ 1.300 M⊙. As anticipated in the previous section,
the only frequency surviving on these time scales is the f2
peak (blue solid lines), which evolves slightly from the f2;i
peak as the HMNS attains a quasistationary equilibrium.
Other peaks, such those associated with f1, f3, fspiral
essentially vanish after the transient, while the f2–0 peak
retain only small powers.
Figure 4 is rather “dense,” but provides a comprehensive

summary in terms of spectrograms of the results discussed
in the last two sections. In particular, the left panel reports
the spectrograms for the 35 binaries presented in Fig. 1,
but concentrating on the transient phase, i.e., for

FIG. 3. The same as in Fig. 2, but shown on a much longer time scale, i.e., 25 ms after the merger. Note that all of the peaks present in
the short transient stage (i.e., t ≲ 3 ms) essentially disappear in the quasistationary evolution. The only exception is the f2 peak, which
slightly evolves from the f2;i frequency. In the case of a stiff EOS (e.g., for the H4 EOS, but not shown here) a trace of the f2–0 mode is
still present, although at very low amplitudes.
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FIG. 1. Schematics showing the detector design (left) and the resulting sensitivity (right). The blue curve shows a possible intermediate step
towards the target sensitivity in red. The target is around a factor of 30 below Advanced LIGO design at 3 kHz: a factor of 3 from 10dB
squeezing, 2 from high power, and 5 from detuned signal recycling with the optomechanical filter extending the improvement around the
detune frequency. Sensitivities of LIGO Voyager [29], Einstein Telescope [30], and Cosmic Explorer [31] are shown as references.

Parameters Values

In
ter

fe
ro

m
ete

r

arm length 4 km
arm cavity power 6.0 MW (1.5MW)
test mass 200 kg
laser wavelength 2000 nm (1064 nm)
temperature 120 K (295 K)
SRM transmission 3750 ppm
SR detune 1.5 kHz
internal loss: ETM to SRM  800 ppm (2000 ppm)
output loss  3% (5%)

Op
to

m
ec

ha
ni

ca
lfi

lte
r

oscillator mirror mass 5 mg
mirror radius, thickness 1.4 mm, 0.35 mm
loss angle of substrate, coating 1.0 ⇥ 10�9, 2.0 ⇥ 10�6

suspension quality factor 3.0 ⇥ 106

bare frequency, optical spring 10 Hz, 12 kHz
cavity length 4.3 m
cavity bandwidth 1.4 kHz
beam radius 0.52 mm
resonating power 338 W (180 W)
round-trip loss  5 ppm (10 ppm)

Op
tic

al
sp

rin
g

laser wavelength 1064 nm
photodiode quantum e�ciency � 0.999
cavity length 10 cm
cavity bandwidth, detune 60 kHz, 0.9 MHz
resonating power 680 W
round-trip loss  1 ppm
temperature 16 K

SQ
Z

fil
ter

squeezing (observed) 10 dB
squeezing angle 0 rad
filter cavity 1 (bandwidth, detune) 4.66 Hz, �42.6 Hz
filter cavity 2 197 Hz, 3409 Hz
filter cavity 3 355 Hz, 1107 Hz
filter cavity 4 510 Hz, �1920 Hz

TABLE I. Parameters of the design. Values in the bracket are those
used in producing the blue curve in Fig. 1.

at 2000 nm is equivalent to around 3.0 MW at 1064 nm.

Comparing to current advanced detectors, the key design
di↵erence comes from the configuration of the signal recy-
cling cavity as shown in Fig. 1. We introduce an internal
signal recycling mirror (iSRM) which forms an impedance
matched cavity with the input test mass (ITM) mirror. The
advantage is that the GW signal is not a↵ected by the narrow
bandwidth of the arm cavity. However, optical losses from
the central beam splitter (BS) and also ITM substrate are res-
onantly enhanced, which puts a hard bound on the ultimate
detector sensitivity [36]. The total round-trip loss between the
SRM and the end test mass (ETM) mirror should be the order
of 1000 ppm to reach a sensitivity around 5⇥10�25/

p
Hz with

MW arm cavity power. This goal requires di↵raction loss per
optical surface to be less than 25 ppm for 1064 nm and 7 ppm
for 2000 nm wavelength. Also, reflectivity of the BS and ITM
anti-reflective coatings should be less than 10 ppm. Taking
Advanced LIGO as an example and with these parameters
which are achievable using existing technology, we set ITM
transmission to 0.05 to limit the total loss, which however in-
creases the optical load on BS by a factor of 3 compared to the
Advanced LIGO design. This number can be reduced in the
future, once optical surfaces with higher quality are available.

In addition to iSRM, the optomechanical filter module is
added to the signal recycling cavity. This module compen-
sates for the phase lag acquired by signal sidebands in the
free space interferometer, which results in a broadband reso-
nance of the signal [25]. The key component of the system is
a high quality mechanical oscillator embedded in an optical
cavity, which is pumped by an external filter laser with proper
frequency and amplitude. We propose to implement the me-
chanical oscillator by comprising a low loss quasi-monolithic
suspension [37] and a milligram-scale mirror. In order for
the phase compensation work properly in kHz regime, we in-
crease the oscillator frequency to 12 kHz by creating an op-
tical spring with an auxiliary laser and optical cavity, which
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�  Era of GW Astronomy has been Opened 
�  NS-NS merger product determines EM signals 
�  Short GRB data could constrain NS-NS merger

 product fraction 
�  NS-NS merger product:40% BHW30% stable NSW30% NS->BH 
�  Initial spin period of the magnetar is around 1ms= 
�  High magnetic field<1015 G 
�  Large ellipticity, GW radiation dominates spin-down�

�  More GW170817-like multi-messenger evens to test
 the post merger product fraction.�

Summary 
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