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Transient Astrophysics in the Multi-
Wavelength & Multi-messenger Era 



Detection of gravitational wave 
is around the corner 

~ 300 ( 0.1)Mpc z ≈NS+NS�

10.2 ~ 2000 yr−Event Rate�



Candidates: NS-NS & NS-BH mergers 

•  Known NS-NS systems in the 
Galaxy 

•  Indirect evidence of GW 
emission from PSR 1913+16 
system 

•  Well studied “chirp” signals 

•  What EM signals accompany 
with these events? 

http://physics.aps.org/articles/v3/29 (adapted from Kiuchi et al. 2010, PRL, 104, 141101) 



Why EM signals are essential? 

•  Confirm the astrophysical 
origin of the GW signals 

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

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

http://physics.aps.org/articles/v3/29 (adapted from Kiuchi et al. 2010, PRL, 104, 141101) 



NS-NS and NS-BH mergers: 
Two types of merger products 

Bartos, I., Brady, P., Marka, S. 2013, CQGrav., 30, 123001 
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Figure 1. Schematic diagram of the evolution of compact binary coalescences. The
frequency of the emitted GW is indicated for the di↵erent stages. NS-NS inspirals are
observable for a few seconds to minutes. Upon the merger of the NSs, a binary with
total mass Mbinary & 3M� promptly collapses into a BH. For non-equal-mass binaries,
the forming BH will be surrounded by an accretion disk. NS-NS binaries with total
mass MNS,max < Mbinary < 3M� (where MNS,max is the mass limit of non-rotating
NSs) form a hypermassive NS with strong di↵erential rotation, which assumes a non-
axisymmetric ellipsoid shape. The hypermassive NS survives for milliseconds to a
second, eventually collapsing into a BH, potentially with an accretion disk. Very low
mass NS-NS binaries (Mbinary < MNS,max) can leave a stable NS behind. For BH-NS

binaries, after an inspiral phase observable for seconds to minutes, the NS either gets
tidally disrupted (if tidal disruption at radius Rtidal occurs before the NS could reach
the ISCO at RISCO), or it plunges into the BH (if Rtidal < RISCO). Tidal disruption
results in a BH with an accretion disk, while no accretion disk forms upon plunge. This
merger phase, along with the ringdown of the BH after plunge, lasts for milliseconds.

location and inclination of the sources is ⇠ 4⇡(D
h

/2.26)3/3 [46]. Using the current best-

guess rates of mergers, this gives tens of NS-NS and a few NS-BH binaries detected with

advanced detectors each year [46]. Additional advanced detectors, such as KAGRA [6]

or LIGO India [64], can significantly increase this range [9]. Third generation detectors

are expected to reach an order of magnitude farther than advanced detectors, i.e. to

several Gpc, and hence will be able to observe tens of thousands of events a year (e.g.,

[65]).

2.1.2. Merger phase — Depending on the binary system, the merger can progress in

multiple distinct directions with qualitatively di↵erent GW and gamma-ray emission.



EM signals  
for a BH post-merger product 

Metzger & Berger (2012) 

SGRB �

Multi-wavelength afterglow 
~hours, days�

Merger Nova 
   (Macronova, Kilonova) �

Opical/IR flare 
~ 1 day �

Ejecta-ISM interaction shock �

Radio 
~years�

Li & Paczyński, 1998 … 

Nakar& Piran, 2011 



Short GRBs 
•  In different types of host galaxies, 

including a few in elliptical/early-
type galaxies, but most in star-
forming galaxies 

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

•  Leading model: NS-NS or NS-BH 
mergers 

 

Rezzolla et al. 2011 



Short GRBs as GWB EM 
counterpart: issues 

•  The NS-NS and NS-BH 
merger models cannot 
simultaneously interpret 
the BATSE and Swift 
short GRB data (Virgili et 
al. 2012) 

•  Even if there is a SGRB-
GW burst association, 
SGRBs are collimated, 
only a small fraction of 
GWBs will have SGRBs. 

 



Kilo-novae: faint, in IR? 

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

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

•  Detection in GRB 
130603B?  
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, 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 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

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



Radio afterglow 

•  Radio afterglow (Nakar & 
Piran): bright enough 
when n=1 cm-3. For 
mergers, one may expect      
n ~ 10-3 – 10-4 cm-3, then 
radio afterglow not 
detectable 

 



EM signals  
for a (supra-massive / stable) millisecond 

magnetar post-merger product 

Zhang (2013); Gao et al. (2013); Yu et al. (2013) 

Jet-ISM shock (Afterglow)�

Shocked ISM�

Ejecta �

SGRB�

Radio 
Optical 
X-ray�

X-ray�

X-ray�

Poynting 
flux �

MNS�

SGRB?�
Late central engine activity 
~Plateau & X-ray flare�

Magnetic Dissipation 
X-ray Afterglow �

1000 ~10000 s�

8 1 210 ergs cm− − −

Ejecta-ISM interaction with 
continuous energy injection �

Multi-band transient 
~hours, days, weeks, 
 or even years�

Gao et al, 2013 

Zhang, 2013 

up to ~ 

Magnetar-fed merger-novae �
Yu et al, 2013; 
Metzger & Piro 2014 



Observational hints of a (supra-
massive / stable) millisecond magnetar 

as the post-merger product (I) 
•  NS with mass > 2 M 

has been discovered 
•  NS-NS systems: total 

mass can be < 2.6 M"

Lattimer & Prakash (2010) 



Observational hints of a (supra-
massive / stable) millisecond magnetar 

as the post-merger product (I) 

Stiff equation-of-state: maximum NS mass close to 2.5 M 
 

Lattimer (2012) 



Observational hints of a (supra-
massive / stable) millisecond magnetar 

as the post-merger product (2) 
•  X-ray plateaus in some short GRB afterglows"

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

GRB 090515�



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

Giacomazzo & Perna (2013) 

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



 
Supra-massive / stable magnetar 

 
Additional energy budget  

from a millisecond magnetar: the spin energy 

A postmerger magnetar would be initially rotating near the Keplerian velocity P~1ms. 
 
A huge energy budget: released in the EM form in different channels 
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Early EM afterglow of GWBs 
(Zhang, 2013, ApJ, 763, L22) 

•  Magnetar wind is essentially isotropic 

•  If the post-merger product of NS-NS 
coalescence is a millisecond magnetar, 
essentially every GWB would be 
accompanied by a bright early EM afterglow 

•  This applies regardless of whether NS-NS 
mergers are accompanied by short GRBs 



EM signals  
for a (supra-massive / stable) millisecond 

magnetar post-merger product 

Zhang (2013); Gao et al. (2013); Yu et al. (2013) 
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Bright early X-ray Afterglow from NS-NS mergers 
 Zhang, 2013, ApJ, 763, L22 

1/3Fν ν∝With                 , one can  
roughly estimate that the  
optical flux could be as  
bright as 17th magnitude 
in R band. 
�

The proto-magnetar would eject a  
wide-beam wind, whose dissipation 
 would power an X-ray afterglow as 
 bright as~ 10−8 erg cm−2 s−1.  
The duration is typically 103–104s. 
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EM signals  
for a (supra-massive / stable) millisecond 

magnetar post-merger product 

Zhang (2013); Gao et al. (2013); Yu et al. (2013) 
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     Enhanced (Magnetar powered) Merger Novae 
 Yu, Zhang & Gao, 2013, ApJ, 763, L22 

The Astrophysical Journal Letters, 776:L40 (5pp), 2013 October 20 Yu, Zhang, & Gao

Figure 3. Optical (∼1 eV) light curves of the millisecond-magnetar-powered
merger-nova, in comparison with the light curves of two supernovae (bolometric)
and one radioactive-powered merger-nova (as labeled). The dash-dotted (blue)
and solid (orange) lines represent Mej = 10−2 M# and 10−4 M#, respectively.
The thick and thin lines correspond to a magnetar collapsing time as tcol =
104 s $ tmd and tcol = 2tmd, respectively. The zero-times of the supernovae are
set at the first available data.
(A color version of this figure is available in the online journal.)

band (∼1 eV), a luminous flash with a peak luminosity of
∼1043 erg s−1 appears in the day–week timescale. This was
the reason why we did not adopt the word “macro-nova” or
“kilo-nova.” Nevertheless, such a bright optical emission could
be significantly suppressed by an early collapse of the magnetar
(tcol $ tmd) due to an extra angular momentum loss (e.g., via
strong gravitational radiation), as shown by the dotted lines in
Figure 2 for an optionally taken tcol = 104 s. Of course, in a more
detailed calculation, the influence on the spin-down behavior of
the extra angular momentum loss before this collapsing time
should also be taken into account (Fan et al. 2013, submitted).
For a direct impression of the merger-nova optical emission,
in Figure 3 we present the optical light curve of the magnetar-
powered merger-nova in a linear timescale, in comparison with
the bolometric light curves of two supernovae (SN 1998bw
and SN 2006gy) and a light curve of radioactive merger-nova
(Equations (2) and (3) without the magnetar term). As shown,
the lifetime of the magnetar plays a crucial role in determining
the brightness and duration of the merger-nova optical emission.

3. AFTERGLOW FROM EXTERNAL SHOCK

For a full dynamical description of the system, here we
consider the deceleration of the merger ejecta by sweeping up
the ambient medium (see also Gao et al. 2013). The treatment
is similar to the generic dynamic model for gamma-ray burst
(GRB) afterglow (Huang et al. 1999), but with continuous
energy injection from the magnetar (Dai & Lu 1998a, 1998b;
Zhang & Mészáros 2001). The total energy of the ejecta and
shocked medium can be expressed as E = (Γ − 1)Mejc

2 +
ΓE′

int + (Γ2 − 1)Mswc2, where Msw is the mass of the swept
up medium, and the comoving internal energy of the shocked
medium is (Γ−1)Mswc2 according to the shock jump condition.
The energy conservation law gives

dΓ
dt

=
ξLsd + Lra − Le − ΓD

(
dE′

int
dt ′

)
− (Γ2 − 1)c2

(
dMsw

dt

)

Mejc2 + E′
int + 2ΓMswc2

(10)

Figure 4. Dynamic evolutions of the millisecond-magnetar-powered merger-
novae and their afterglows for the ambient density n = 1 cm−3 (solid) and
10−3 cm−3 (dashed), respectively.
(A color version of this figure is available in the online journal.)

where the energy loss due to shock emission is ignored, an
approximation usually adopted in GRB afterglow modeling. As
shown in Figure 4, for a reasonable range of the ambient density,
deceleration could not start before acceleration is complete.
Therefore, the acceleration and deceleration processes can in
principle be investigated independently, as treated in Section 2.
The light curves of the afterglow synchrotron emission for
a typical ambient density n = 0.1 cm−3 are presented in
Figure 2 along with the merger-nova light curves. As shown,
the afterglow emission could be much weaker than that of the
merger-nova in a wide frequency range, although a noteworthy
fraction of the injected energy is also transferred to the shock.

4. CONCLUSION AND DISCUSSION

By describing the dynamic evolution of a merger ejecta
powered by a millisecond magnetar, we calculate the thermal
emission of the merger-nova and the non-thermal emission of
the external shock. The optical brightness of the millisecond-
magnetar-powered merger-nova is found to be comparable to
or even higher than that of supernovae, which is a few tens
or hundreds times brighter than the radioactive-powered kilo-
novae, if the magnetar remains stable before tmd. Nevertheless,
early GW loss and an earlier collapsing time could suppress
the optical emission significantly. The magnetar collapse due
to losing most centrifugal support could also restrict the du-
ration of the merger-nova within the order of (at most) a few
days, which is considerably shorter than the supernovae du-
ration lasting months and years. Detecting such a unique EM
transient associated with a GW burst would unambiguously
confirm the astrophysical origin of the GW burst and robustly
suggest a massive millisecond magnetar formed during the
merger.

So far, no bright optical merger-nova have been detected in
association with SGRBs. This may be understood as follows.
Along the spin axis, a strong magnetar jet could break out by
propelling ejecta sideways (Bucciantini et al. 2012; Quataert &
Kasen 2012), so that there could be no merger-nova emission
toward the observer in the SGRB direction. A bright merger-
nova may still be observable in the equatorial direction, but

4
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Figure 1. From top to bottom, evolutions of dynamics, bolometric luminosity,
optical depth (thick) and ratio t ′d/t ′ (thin), as well as blackbody peak energy
of merger-novae with two typical ejecta masses: Mej = 10−4 M# (solid) and
10−2 M# (dash-dotted). The dotted arrows indicate that (1) the peak time of the
merger-nova emission locates at τ = 1 (for 10−4 M#) or tmd (for 10−2 M#)
and (2) the peak energy corresponding to the peak luminosity is in the range
of 15–50 eV. The initial velocity of the ejecta is taken as βi = 0.2 and the
initial ejecta energy E′

int,i = Ek,i = (1/2)Mejβ
2
i c2. The magnetar parameters

are: B14 = 5, Pi,−3 = 5, and ξ = 0.3.
(A color version of this figure is available in the online journal.)

where τ = κ(Mej/V ′)(R/Γ) is the optical depth of the ejecta
with κ being the opacity,6 t ′d ≡ (τRt ′/Γc)1/2 is the effective
diffusion time, and tτ is the time at which τ = 1. We note
that the optical depth reads τ = Γct ′/R ≈ β−1 > 1 when
t = td, which suggests that tτ > td all the time, similar to the
non-relativistic case (Kasen & Bildsten 2010).

Numerical solutions to the above equations are presented in
Figure 1 for two ejecta masses, 10−2 M# and 10−4 M#, where
the magnetar collapse effect is not included. For the low-mass
case, the dynamical transition from the non-relativistic regime
to the mildly relativistic regime is clearly shown in the top panel.
The acceleration times of the ejecta are determined by the spin-
down timescale tmd in all the situations. The optical depth and
the diffusion time play a crucial role in determining the temporal
behavior of the merger-nova emission. As τ and the ratio td/t

6 In our calculations, a constant opacity κ = 0.2 cm2 g−1 is adopted for
simplicity, which is appropriate for electron scattering in a plasma with an
ionization degree of 0.5. However, for r-process elements, Kasen et al. (2013)
found that the bound–bound, bound–free, and free–free transitions could
provide more important contributions to the opacity, which makes the opacity
higher and strongly energy-dependent. As a result, the merger-nova emission
could be extended, weakened, and shifted toward softer bands (Barnes &
Kasen 2013). Additionally, the ionization of the ejecta by the wind X-ray
emission (Zhang 2013) could also affect the opacity.

Figure 2. Light curves of the merger-nova (thick) and afterglow (thin) emissions
at different observational frequencies as labeled. The dashed and dotted lines
are obtained for an optionally taken magnetar collapsing time as tcol = 2tmd and
tcol = 104 s, respectively. The ambient density is taken as 0.1 cm−3, and other
model parameters are the same as Figure 1.
(A color version of this figure is available in the online journal.)

gradually drop toward unity, the bolometric light curve rises and
finally reaches a peak at td, tτ , or tmd (i.e., the ejecta photosphere).
To be specific, for a high-mass ejecta, the peak time tpeak ∼ td for
tmd < td < tτ (e.g., the case of superluminous supernova) and
tpeak ∼ tmd for td < tmd < tτ (e.g., the case of Mej = 0.01 M# in
Figure 1), which were analytically proved by Kasen & Bildsten
(2010) and Dexter & Kasen (2013). In contrast, since a low-
mass ejecta could become optically thin before tmd, the emission
would monotonously decrease after tτ even though there is
further energy injection. So for td < tτ < tmd (e.g., the case
of Mej = 10−4 M# in Figure 1), the luminosity peak could
appear at tτ . Figure 1 shows that the peak time of merger-novae
could range from hours (low Mej case) to ∼a day (high Mej case).
After tpeak, the bolometric luminosity starts to decrease and the
decrease rate approximately tracks the spin-down luminosity at
t > max(tτ , td, tmd).

The peak energy of the emission spectrum νLν can be
characterized by the blackbody temperature, specifically

εγ ,p ≈ 4DkT ′ = 4Dk

(
E′

int

aV ′

)1/4

, (8)

where k is the Boltzmann constant and a the radiation constant.
As shown in the bottom panel of Figure 1, the blackbody peak of
the photosphere emission mostly falls in the ∼15–50 eV energy
band for the adopted parameters. For an observational frequency
ν, the luminosity light curve can be calculated as

νLν = 1
max(τ, 1)

8π2D2R2

h3c2

(hν/D)4

exp(hν/DkT ′) − 1
, (9)

where h is the Planck constant. The light curves at different
frequencies (1 eV, 30 eV, 1 keV) of the millisecond-magnetar-
powered merger-novae are presented in Figure 2. For nomi-
nal parameters, the emission mainly occurs in the UV band
with a peak luminosity around 1045 erg s−1. Higher-energy (e.g.,
X-ray) emission peaks earlier and the corresponding luminos-
ity decreases significantly (due to the exponential tail of ther-
mal emission) with increasing photon energy. In the optical

3

See also Metzger & Piro (2014) 



Kilo-novae in GRB 130603B: 

•  Can be magnetar-
powered also, but the 
kinetic energy is small 
(1051 erg), birth period is 
long: near 5 ms 

•  Gravitational wave loss of 
the supra-massive NS? 

     

Fan et al. (2013, ApJL) 

The Astrophysical Journal Letters, 779:L25 (4pp), 2013 December 20 Fan et al.
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Figure 1. Broadband (black: X-ray; purple: u-band; red: r-band; blue: HST
F160W; gray: 6.7 GHz) light curves of GRB 130603B and the theoretical
model curves. The X-ray data are from Evans et al. (2009), while the u-band
light curve is based on the data reported in de Ugarte Postigo et al. (2013) and
Tanvir et al. (2013), with the g-band and r-band data extrapolated to the UVOT
u-band. Proper corrections for extinction in the Milky Way Galaxy and the
GRB host galaxy have been made. The solid curves are the theoretical afterglow
prediction with a magnetar energy injection. The dotted curves are the kilonova
predictions in the F606W, F160W, and u-bands.

light curve at the early epochs are possible only if the fireball is
in the fast cooling regime (Sari et al. 1998), and the X-ray band is
between the cooling frequency (νc) and the typical synchrotron
frequency (νm), while the U-band is below νc. Such a possibility,
however, is strongly disfavored by the spectral data. The spec-
trum of X-ray emission at t < 1000 s is Fν ∝ ν−0.97±0.22, which
is inconsistent with a fast cooling spectrum Fν ∝ ν−1/2. An
even stronger constraint arises from the spectral energy distri-
bution at t ∼ 0.35 days, which gives a νc ≈ 1016 Hz (de Ugarte
Postigo et al. 2013; Jin et al. 2013). Together with the 6.7 GHz
flux ∼0.13 mJy at t ∼ 0.37 days, one has νm ≈ 2×1012 Hz and
the maximum specific flux Fνmax ≈ 0.8 mJy (see also Fong et al.
2013). For a burst born in an interstellar matter-like circum-
burst medium, we have νc ∝ t−1/2 and νm ∝ t−3/2 (Sari et al.
1998). Therefore at t ∼ 0.01 days we have νc ∼ 6×1016 Hz and
νm ∼ 6 × 1014 Hz, which are far from what are required in the
fast cooling model.

An X-ray shallow decline phase is commonly observed in
Swift long GRBs, which can be interpreted as an energy injection
into the GRB blast wave from a long-lasting central engine
(Zhang et al. 2006). We take a general energy injection law
dEinj/dt ∝ t−q for t < tend ∼ 103 s (Zhang et al. 2006; Dai &
Lu 1998; Zhang & Mészaros 2001), which gives νm ∝ t−(2+q)/2,
νc ∝ t (q−2)/2, and Fν,max ∝ t1−q . Since at t ∼ tend, one has
νm ∼ 1015 Hz and νc ∼ 6×1016 Hz, the optical emission should
increase with time as Fνopt ∝ t (8−5q)/6 while the X-ray (1.7 keV)
emission decreases with time as FνX ∝ t [2(2−p)+(p+2)q]/4. For
q ∼ 0 relevant for a spinning down magnetar due to magnetic

dipole radiation, both the peculiar X-ray and optical emissions
can be accounted for (Figure 1). Such a relatively long, steady
energy injection with a roughly constant luminosity is difficult
to fulfill in the NS–NS or NS–BH merger scenarios with a BH
central engine. Simulations suggest that long-lasting emission
may arise in these systems, but the accretion rate history is
essentially defined by the accretion rate of fall-back materials,
which typically satisfies dEinj/dt ∝ t−5/3 (see Figure 3 of
Rosswog 2007a, for both NS–NS merger and NS–BH merger
scenarios) and is far from what is required in current afterglow
modeling. If the magnitude of the viscosity is ᾱ ∼ 0.1 for prompt
accretion and ∼10−4 for fall-back accretion, both the short
prompt emission and the t0-like long-lasting energy injection
may be accounted for (Lee et al. 2009). It is, however, unclear
how ᾱ can change so much.

We then turn to the possibility that a long-lived supramassive
magnetar rather than a BH was promptly formed after the
merger (e.g., Gao & Fan 2006; Fan & Xu 2006; Metzger
et al. 2008; Bucciantini et al. 2012; Rowlinson et al. 2013;
Zhang 2013). This is possible if the NS equation of state is
stiff enough, and if the total mass of the two merging NSs is
not large enough (e.g., Morrison et al. 2004; Giacomazzo &
Perna 2013). Indeed, for a sufficiently stiff equation of state
yielding Mmax ∼ 2.2–2.3 M&, the merger of double NSs with
a total gravitational mass Mtot ∼ 2.6 M& (note that among the
10 NS binary systems identified so far, 5 have such a total
mass) can produce a supramassive magnetar with P0 ∼ 1 ms,
which survives until a good fraction of its rotational energy has
been lost via dipole radiation and gravitational wave radiation
(see Fan et al. 2013, and references therein).

As already mentioned, at t ∼ 0.35 days, the key param-
eters governing the synchrotron spectrum are νc ≈ 1016 Hz,
νm ≈ 2 × 1012 Hz, and Fνmax ≈ 0.8 mJy. Adopting
Equations (2)–(4) of Fan & Piran (2006), it is straightforward
to show that

Ek ≈ 1.5 × 1051 erg n
−1/5
−1 , εe ≈ 0.2n

1/5
−1 , εB ≈ 0.04 n

−3/5
−1 ,

where Ek is the isotropic-equivalent kinetic energy of the
ejecta and εe (εB) is the fraction of shock energy given to
the electrons (magnetic field), n is the number density of the
interstellar medium and has been normalized to 0.1 cm−3,
and the energy distribution power law index of the shock
electrons is taken as p = 2.3 based on the optical and
X-ray spectral data (de Ugarte Postigo et al. 2013; Jin et al.
2013). Please note that we have inserted the Compton parameter
Y ≈ [−1+

√
1 + 4(νm/νc)(p−2)/2εe/εB]/2 ∼ 1 into Equation (4)

of Fan & Piran (2006) to estimate the physical parameters
governing νc.

Interestingly these relations impose a tight constraint on the
isotropic-equivalent kinetic energy of the ejecta, i.e., Ek ≈ 1.5×
1051 erg (εB/0.04)1/3. It is well known that εB is not expected
to be considerably larger than ∼1/3 (i.e., the equilibrium
argument, for which the shock energy is equally shared among
electrons, protons, and magnetic fields), we then have

Ek < 3 × 1051 erg.

Our result is remarkably consistent with the independent
modeling of the late X-ray data by Fong et al. (2013), in which
Ek < 1.7 × 1051 erg was inferred.

We have thus shown analytically that the peculiar X-ray and
optical data in the first ∼1000 s strongly suggests the energy
injection of the magnetar into the blast wave. On the other hand,
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Later afterglow due to  
ejecta-medium interaction 

Gao et al, 2013, ApJ, 771, 86 



Ejecta-ISM shock with Energy Injection 
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Gao et al. 2013, ApJ, 771, 86 



14 4~ 10 , ~ 10ejB G M M−
⊥ e sd decT T>

Ejecta-ISM shock with Energy Injection 

X-ray: �

Opt: �

Radio: �

11 2 1~ 10peakF erg cm s− − −

~10peakF mJy

7~ 10peakT s

~1peakF Jy

4~ ~ 10peak sdT T s

4~ ~ 10peak sdT T s

Gao et al. 2013, ApJ, 771, 86 



15 4~ 10 , ~ 10ejB G M M−
⊥ e

~sd decT T

Ejecta-ISM shock with Energy Injection 

X-ray: �

Opt: �

Radio: �

3~ ~ 10peak sdT T s
9 2 1~ 10peakF erg cm s− − −

~100peakF mJy

7~ 10peakT s

~100peakF mJy

3~ ~ 10peak sdT T s

Gao et al. 2013, ApJ, 771, 86 



15 3~ 10 , ~ 10ejB G M M−
⊥ e sd decT T<

Ejecta-ISM shock with Energy Injection 

X-ray: �

Opt: �

Radio: �

3~ ~ 10peak sdT T s
10 2 1~ 10peakF erg cm s− − −

~10peakF mJy

7~ 10peakT s

~1peakF Jy

3~ ~ 10peak sdT T s

Gao et al. 2013, ApJ, 771, 86 



Candidate 1: PTF11agg 

Cenko et al. (2013)�



Model fits to PTF11agg 

Wu, et al., 2014, ApJL, 781, L10; See also Wang & Dai (2013) �



Event Rate 

•  NS-NS merger: 2-2×104 Gpc-3 yr -1 

•  Within advanced LIGO horizon ~ 300 Mpc: 
 RGWB-ag ~ (0.2 – 2000) (fNS) (fbw) yr -1  

 
 

Most probable values: 
  ~ 20 per year for NS-NS mergers 
  ~ 2-10 per year for NS-NS mergers  
     with a supra-massive millisecond magnetar engine? 



GWB Localization Error Box �

Nissanke et al. 2011 �

Observational strategy 

X-ray observational strategy �

1)  Small field of  view (e.g. Swift 
XRT), requires fast-slew to 
search for the entire error box in 
103-104 s 

 Not easy 

2)  Large field of  view with 
moderate sensitivity,  

      rapid-slew to increase chance 
coincidence with GWB 
triggers 

 
e.g. Einstein Probe, Lobster, ASTAR … 

The Astrophysical Journal, 739:99 (6pp), 2011 October 1 Nissanke et al.
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Figure 1. Sky localization for a high-SNR binary under different network configurations, as labeled. The solid black curves indicate the 68% and 95% confidence
regions (c.r.). Additional detectors increase the network SNR and decrease the error ellipse, however note the significant localization enhancement provided by LAu
in particular. The origin (0,0) of each plot represents the source’s true position, and the solid black lines denote the confidence regions.
(A color version of this figure is available in the online journal.)

The specific orientation and shape of the ellipse are dependent
upon the sky position and orientation, and noise realization.

However, for a handful of events near threshold, we find
that sky error areas are considerably non-ellipsoidal and exhibit
multimodal distributions, in particular with networks that do
not include LAu. As expected, their errors are not centered
on the source’s true sky position and we find that 5% of our
selected binaries have true positions that lie outside the 95%
confidence region. Analyses such as Fairhurst (2011), Wen &
Chen (2010), and Schutz (2011) cannot reproduce such features
due to limiting assumptions implicit in timing and Fisher
information methods. Figure 2 shows an example of a low-SNR
NS–NS binary located at 567 Mpc with an inclination angle of
cos ι = −0.93 and a sky location of (cos θ = −0.36,φ = 1.5).
The expected SNRs at LIGO Hanford, LIGO Livingston, Virgo,
LAu, and LCGT are 5.4, 6.2, 3.1, 5.6, and 3.0, respectively.

We find that error areas typically decrease by a factor of 4–5
by including LAu in the network. For particularly weak signals,
multimodal peaks and statistical biases occur because multiple
likelihood peaks for different values of the GW waveform’s
amplitude become indistinguishable from each other due to the
uncertainties in the signal’s time of arrival at each detector.

3.2. Detected Samples of Binaries

We now examine cumulative distribution in sky errors for
ensembles of GW NS–NS events using different detector net-
works. We randomly choose events from our samples of de-
tected NS–NS binaries using the two different selection criteria
detailed in Section 2.1.

3.2.1. Case I: Triggering on a Network of Detectors

In Case I we set a total GW detector network threshold of
8.5, which implies an approximate SNR threshold per detector
of 8.5/

√
5 ∼ 3.8 for each of the five detectors. As a first

approximation, we estimate a detectable range of events within
the maximum network capability: each detector in the five-
detector network has a “weighted geometric average” (optimal)
range of about 420 Mpc (940 Mpc) for NS–NS events.7 The
geometric average statistic used here is a weighted angular
average over all sky positions and orientations, which is a factor
of ∼2.24 smaller than the optimal range for a face-on binary
that is located directly above the detector (see Finn & Chernoff
1993).

In order to obtain detection event rates, we follow the ap-
proach given in Abadie et al. (2010) where detection ranges
are derived by thresholding off a single LIGO SNR of 8. As
the noise in reality is non-Gaussian and non-stationary, Abadie
et al. (2010) use the range for a single detector to represent the
network of LIGO–Virgo detectors in order to achieve desired
false alarm rates. For comparison purposes, we apply the same
argument to our analysis: a five-detector network will have an
approximate threshold per detector of (8.5 ×

√
3)/

√
5 ∼ 6.6,

and hence a geometric average (optimal) range of about 240 Mpc
(540 Mpc) for NS–NS events. Abadie et al. (2010) provide a sim-
ple prescription to compute the GW NS–NS detection rate using

7 Similar to Abadie et al. (2010), we do not henceforth incorporate
cosmological redshifts for our NS masses when estimating detectable ranges
and rates.
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Figure 1. Sky localization for a high-SNR binary under different network configurations, as labeled. The solid black curves indicate the 68% and 95% confidence
regions (c.r.). Additional detectors increase the network SNR and decrease the error ellipse, however note the significant localization enhancement provided by LAu
in particular. The origin (0,0) of each plot represents the source’s true position, and the solid black lines denote the confidence regions.
(A color version of this figure is available in the online journal.)

The specific orientation and shape of the ellipse are dependent
upon the sky position and orientation, and noise realization.

However, for a handful of events near threshold, we find
that sky error areas are considerably non-ellipsoidal and exhibit
multimodal distributions, in particular with networks that do
not include LAu. As expected, their errors are not centered
on the source’s true sky position and we find that 5% of our
selected binaries have true positions that lie outside the 95%
confidence region. Analyses such as Fairhurst (2011), Wen &
Chen (2010), and Schutz (2011) cannot reproduce such features
due to limiting assumptions implicit in timing and Fisher
information methods. Figure 2 shows an example of a low-SNR
NS–NS binary located at 567 Mpc with an inclination angle of
cos ι = −0.93 and a sky location of (cos θ = −0.36,φ = 1.5).
The expected SNRs at LIGO Hanford, LIGO Livingston, Virgo,
LAu, and LCGT are 5.4, 6.2, 3.1, 5.6, and 3.0, respectively.

We find that error areas typically decrease by a factor of 4–5
by including LAu in the network. For particularly weak signals,
multimodal peaks and statistical biases occur because multiple
likelihood peaks for different values of the GW waveform’s
amplitude become indistinguishable from each other due to the
uncertainties in the signal’s time of arrival at each detector.

3.2. Detected Samples of Binaries

We now examine cumulative distribution in sky errors for
ensembles of GW NS–NS events using different detector net-
works. We randomly choose events from our samples of de-
tected NS–NS binaries using the two different selection criteria
detailed in Section 2.1.

3.2.1. Case I: Triggering on a Network of Detectors

In Case I we set a total GW detector network threshold of
8.5, which implies an approximate SNR threshold per detector
of 8.5/

√
5 ∼ 3.8 for each of the five detectors. As a first

approximation, we estimate a detectable range of events within
the maximum network capability: each detector in the five-
detector network has a “weighted geometric average” (optimal)
range of about 420 Mpc (940 Mpc) for NS–NS events.7 The
geometric average statistic used here is a weighted angular
average over all sky positions and orientations, which is a factor
of ∼2.24 smaller than the optimal range for a face-on binary
that is located directly above the detector (see Finn & Chernoff
1993).

In order to obtain detection event rates, we follow the ap-
proach given in Abadie et al. (2010) where detection ranges
are derived by thresholding off a single LIGO SNR of 8. As
the noise in reality is non-Gaussian and non-stationary, Abadie
et al. (2010) use the range for a single detector to represent the
network of LIGO–Virgo detectors in order to achieve desired
false alarm rates. For comparison purposes, we apply the same
argument to our analysis: a five-detector network will have an
approximate threshold per detector of (8.5 ×

√
3)/

√
5 ∼ 6.6,

and hence a geometric average (optimal) range of about 240 Mpc
(540 Mpc) for NS–NS events. Abadie et al. (2010) provide a sim-
ple prescription to compute the GW NS–NS detection rate using

7 Similar to Abadie et al. (2010), we do not henceforth incorporate
cosmological redshifts for our NS masses when estimating detectable ranges
and rates.
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If all the required observations can 
be made, how likely can we 

discover these early afterglows? 

•  We don’t know 
•  Because we do not know the NS equation-of-state and 

total mass distribution of NS-NS systems, so that we do 
not know what fraction of NS-NS mergers will leave behind 
a stable magnetar rather than a black hole 

•  If a supra-massive millisecond magnetar forms, essentially 
every one would have a bright X-ray early afterglow 

•  The brightness of the multi-wavelength afterglow depends 
on viewing angle, ejecta mass, and medium density 



Story I 
•  Imagine some time beyond 2020 
•  Advanced LIGO sends an alert to the EM community about a “chirp” 

GWB signal 
•  Einstein Probe / Lobster / ASTAR happens to cover the error box of 

advanced LIGO, but no bright X-ray emission is discovered 
•  The magnetar possibility is essentially ruled out. The upper limit of NS 

maximum mass constraints NS equation of state 
•  Deep searches of optical signal in the error box did not reveal a bright 

optical transient 
•  Deep searches of radio signal one year after the GWB trigger revealed 

a very faint object. It takes years to figure out whether it is a variable 
source, and hence, whether it is related to the NS-NS merger.  



Story II 
•  Imagine some time beyond 2020 
•  Advanced LIGO sends an alert to the EM community about a “chirp” 

GWB signal 
•  Einstein Probe / Lobster / ASTAR happens to cover the error box of 

advanced LIGO, and a bright X-ray emission is discovered 
•  Optical and radio telescopes immediately slews to the error box 

provided by the X-ray detector, and discovers a bright afterglow  
•  Follow-up GW signal analysis reveals a phase of secular bar-mode 

instability signal of a hyper-massive neutron star 
•  From the duration of the X-ray plateau, the magnetar magnetic field is 

constrained.  
•  Combining GW analysis and afterglow analysis, one is able to derive 

many interesting physical parameters: the mass of the two parent 
NSs, ejecta mass, maximum mass of the survived NS, maximum 
mass of a non-spinning NS, equation-of-state of nuclear matter … 



Look Early! 
 

Both positive and negative 
detections are of great interest! 

 
Only observations will make 

breakthrough! 


