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NS-NS merger 

EM counterparts

Metzger & Berger (2012) Gao et al. (2013)



GW170817/GRB 170817A



AT2017gfo

Villar et al. (2017): a collection of  observations of  many teams
Coutler et al.; Pian et al; Tanvir et al. …



Broad-band afterglow

Margutti et al. (2018); Alexander et al. (2018): great power law in sky up to 160 days



What did we learn from 
GW170817/GRB170817A/

AT2017gfo/afterglow?



GW170817
Abbott et al. 2017, PRL, 119, 161101; Chassande-Mottin’s talk

Narrower mass ranges when ejecta mass constraint 
considered;  Gao et al. (2017, ApJL, 851, L45)



Neutron star / quark star 
equation of state

Figure by Norbert Wex. See http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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Abbott et al. 2017, PRL, 119, 161101
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不足以在并合前通过潮汐锁定使得双星系统共转 [50]，所以双致密星系统在并合前自
转周期一定是小于公转周期的。在这样的情况下，潮汐形变会使得双致密星系统的公

转角动量转移给自转角动量，从而加速轨道的收缩和并合的发生，并有可能被引力波

观测所限制。

之所以潮汐形变对于引力波模板的影响有可能被探测到被用来区分不同的物态，

主要有两个原因，一个是每个星体本身被潮汐作用诱发的四级矩的引力波辐射与双星

轨道运动的引力波辐射在相位上是相关的，另一方面，该效应与中子星半径的五次方

相关，因而效应更加明显。在本章节，我将介绍我所做的结合GW170817的观测利用
潮汐形变能力去限制夸克星物态 2。

2.1 工作背景介绍

2.1.1 潮汐Love数的计算

我们需要从理论上能够计算出某种物态的致密星所具有的潮汐形变能力，才有

可能结合观测给出物态的限制。如果星体处在一个四极的潮汐外场E
i j

中，被诱发了

一个Q
i j

大小的质量四极矩，则我们往往用两者之间的比例来刻画星体的潮汐形变能

力� = �Q
i j

/E
i j

。该比例系数又跟一个被成为潮汐Love数的量联系k2 =
3
2G�R�5。�本身

也可以进行无量纲化处理⇤ = �/M5 = 2
3 k2(R/M)5。

在理论计算当中，我们常常对一个静态球对称的星体和其所在的时空度规加上一

个l = 2模式的微扰来表征外潮汐场的效果，以便理论上对k2进行计算。
3本小节将参

考 [13]一文简要介绍理论上求解k2的思路。

一个静态球对称的星体以及其所在的时空可以通过求解TOV方程(Tolman-Oppenheimer-
Volkho� Equation)得到，在对该时空度规引入一个l = 2的静态偶宇称的微扰之后，时
空的爱因斯坦张量以及物质的能动量张量都会发生变化，即

Gµ⌫ = G(0)
µ⌫ + �Gµ⌫

Tµ⌫ = T (0)
µ⌫ + �Tµ⌫

(2.1)

而其中，G(0)和T (0)是原本TOV方程的解，已经满足爱因斯坦场方程。故而我们需要有

�Gµ⌫ = 8⇡�Tµ⌫ (2.2)

2 作者也参与了一个中子星框架下利用潮汐形变量来限制夸克平均场模型参数的工作，将在2.1.3小节里进行介
绍。具体的工作细节可参考 [51]。

3 这也是潮汐Love数k2脚标’2’的来历，实际上还可以计算相应的k4、k6等等，可以参考[52]里更加普遍和详细的
讨论。
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: External quadruple tidal field

: induced quadruple moment

(tidal deformability)

Annala et al. (2017)

Chassande-Mottin’s talk



GRB 170817A: 
lightcurves

Abbott et al. 2017, ApJL, 848, L13; Goldstein et al. 2017, ApJL, 848, L14
B.-B. Zhang et al. 2018, Nature Communications, 9, 447

Piron’s talk



GRB 170817A: 
“normal” observed properties

Goldstein et al. 2017, ApJL, 848, L14
B.-B. Zhang et al. 2018, Nature Communications, 9, 447

Piron’s talk



GRB 170817A: 
Similar events from GBM archives?

B.-B. Zhang et al. 2018, Nature Communications, 9, 447

Examples: GRB 170817A-like GRBs in GBM archives



GRB 170817A: 
Similar events from GBM archives? Can we identify them?

B.-B. Zhang et al. 2018, Nature Communications, 9, 447



GRB 170817A: 
“abnormal” luminosity & luminosity function

Abbott et al. 2017, ApJL, 848, L13
B.-B. Zhang et al. 2018, Nature Communications, 9, 447



GRB 170817A: 
physical origin?

Abbott et al. 2017, ApJL, 848, L13; Mooley et al. 2018, Nature, 554, 207; 
B.-B. Zhang et al. 2018, Nature Communications, 9, 447

“Oversold” cocoon modelStructured jet: Zhang & Meszaros (2002)

Favored



GRB 170817A: 
prompt emission mechanism?

Meng et al. 2018, ApJ, arXiv:1801.01410

photosphere           cutoff  PL synchrotron
(delay needed)



Origin of the 1.7 s delay?

• Delayed launch of the jet?

• Delayed formation of a BH?

• Delayed dissipation (magnetic field 

amplification)?

• No intrinsic delay at all!

See also Daigne’s, Mochkovitch’s talk



Origin of the 1.7 s delay?

• Delayed launch of the jet?
• What did the system do in 1.7 s (very 

long time)?

• Delayed formation of a BH?
• Why jet not launched during the 

hypermassive phase?

• BH not needed to produce short GRBs!

• Delayed dissipation (magnetic field 

amplification)?

• Allowed but not needed

• No intrinsic delay at all (propagation)!

• Duration ~ 2 s

• Delay ~ 1.7 s

• Both time scales ~ R/!2c

• Traditional GRB mechanism

• Large emission radius

• Poynting-flux dissipation



GRB Emission Models

central      photosphere       internal                         external shocks
engine                                                                          (reverse) (forward)

?

Uncertainties in GRB Prompt Emission:
What is the jet composition (baryonic vs. Poynting flux)?
Where is (are) the dissipation radius (radii)? – three possible locations
How is the radiation generated (synchrotron, Compton scattering, thermal)?

See also Daigne’s talk; Mochkovitch’s talk



AT2017gfo

Li & Paczynski (1998)
Metzger et al. (2010)

“macronova/kilonova/mergernova”

Villar et al. (2017)



Naming issue: 
Li-Paczynski nova / macronova / kilonova / mergernova

Living Rev Relativ  (2017) 20:3 
DOI 10.1007/s41114-017-0006-z

REVIEW ARTICLE

Kilonovae

Brian D. Metzger1

Received: 17 January 2017 / Accepted: 18 April 2017
© The Author(s) 2017. This article is an open access publication

Abstract The mergers of double neutron star (NS–NS) and black hole (BH)–NS
binaries are promising gravitational wave (GW) sources for Advanced LIGO and
future GW detectors. The neutron-rich ejecta from such merger events undergoes
rapid neutron capture (r -process) nucleosynthesis, enriching our Galaxy with rare
heavy elements like gold and platinum. The radioactive decay of these unstable nuclei
also powers a rapidly evolving, supernova-like transient known as a “kilonova” (also
known as “macronova”). Kilonovae are an approximately isotropic electromagnetic
counterpart to the GW signal, which also provides a unique and direct probe of an
important, if not dominant, r -process site. I review the history and physics of kilo-
novae, leading to the current paradigm of week-long emission with a spectral peak
at near-infrared wavelengths. Using a simple light curve model to illustrate the basic
physics, I introduce potentially important variations on this canonical picture, includ-
ing: ∼day-long optical (“blue”) emission from lanthanide-free components of the
ejecta; ∼hour-long precursor UV/blue emission, powered by the decay of free neu-
trons in the outermost ejecta layers; and enhanced emission due to energy input from
a long-lived central engine, such as an accreting BH or millisecond magnetar. I assess
the prospects of kilonova detection following future GW detections of NS–NS/BH–
NS mergers in light of the recent follow-up campaign of the LIGO binary BH–BH
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Table 1 Timeline of major developments in kilonova research

1974 Lattimer and Schramm: r -process from BH–NS mergers

1975 Hulse and Taylor: discovery of binary pulsar system PSR 1913 + 16

1982 Symbalisty and Schramm: r -process from NS–NS mergers

1989 Eichler et al.: GRBs from NS–NS mergers

1994 Davies et al.: first numerical simulation of mass ejection from NS–NS mergers

1998 Li and Paczyński: first kilonova model, with parameterized heating

1999 Freiburghaus et al.: NS–NS dynamical ejecta ⇒ r-process abundances

2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine

2009 Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)

2010 Metzger et al., Roberts et al., Goriely et al.: kilonova powered by r -process heating

2013 Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities ⇒ NIR spectral peak

2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)

2014 Metzger and Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds

Fig. 1 Timeline of the development kilonova models in the space of peak luminosity and peak timescale.
The wavelength of the predicted spectral peak are indicated by color as marked in the figure

that kilonova emission peaks in the NIR, with the optical emission highly suppressed,
has important implications for the strategies of EM follow-up of future GW bursts. The
timeline of theoretical predictions for the peak luminosities, timescales, and spectrap
peak of the kilonova emission are summarized in Table 1 and Fig. 1.

3 Basic ingredients

The physics of kilonovae can be understood from basic considerations. Consider the
merger ejecta of total mass M , which is expanding at a constant velocity v, such that its
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zger & Fernández 2014). The observed AT2017gfo emis-
sion can be indeed understood with such a “blue+red”
kilonova model (e.g., Cowperthwaite et al. 2017; Smartt
et al. 2017; Tanaka et al. 2017; Villar et al. 2017)6.
In order to interpret the blue component with high peak
luminosity (∼ 1042 erg s−1) and early peak time (∼ 1 d),
a relatively low opacity (κ ∼ 0.3 cm2g−1), a relatively
large ejecta mass (M ∼ 0.03M⊙), and a relatively large
characteristic velocity (v ∼ 0.3c) are required. These
requirements push the boundary of numerical simula-
tions regarding the ejected mass (Dessart et al. 2009;
Fernández & Metzger 2013; Perego et al. 2014; Just et
al. 2015; Richers et al. 2015; Shibata et al. 2017) and
the expected opacity, which is believed to be not much
lower than ∼ 1cm2g−1 (Kasen et al. 2013).
Metzger et al. (2018) argued that a short-lived hyper-

massive NS with a surface magnetic field of B ∼ 1014G
could help to increase the mass of a disk wind. This can
partially reduce the difficulty of the radioactive merg-
ernova (kilonova) model, but the required low opacity
may not been accounted for readily. Alternatively, if the
remnant NS is long-lived, then the mergernova emission
itself would be significantly affected by the NS due to
the additional energy injection from the NS and the ef-
fect of ionization (Yu et al. 2013; Metzger & Piro 2014).
On the other hand, the relatively low luminosity of the
prompt emission and broad-band afterglow has signifi-
cantly constrained the properties of a putative under-
lying NS, whose dipolar magnetic field should be much
below the range of a typical magnetar (Yu et al. 2017; Ai
et al. 2018). In any case, Yu et al. (2017) showed that
the observed emission from AT2017gfo can be accounted
by a hybrid model, with the early emission powered by
radioactivity and later emission powered by energy injec-
tion from a long-lived, low-field pulsar. In their model-
ing, all emission comes from the same ejecta component,
with a single uniform opacity around 1cm2g−1 and a to-
tal mass of ∼ (0.03 − 0.04)M⊙. The latter is somewhat
smaller than the total mass invoked to interpret the event
using the radioactive heating alone (e.g., 0.065M⊙; Vil-
lar et al. 2017). It remains unclear whether ionization
by the pulsar wind can penetrate deep enough to reduce
the opacity of the entire ejecta to be around ∼ 1cm2g−1.
This Letter includes two parts. The first part

(Section 2) is presents an argument against the tra-
ditional radioactivity-powered mergernova (kilonova)
model, specifically, the difficulty to account for both
the high luminosity (high mass) and early peak time
(low opacity) simultaneously. Encouraged by Yu et al.
(2017), the second part (Section 3) presents our modeling
of AT2017gfo within the framework of engine-powered
mergernova. We show that without an ad hoc mech-
anism to drastically reduce the opacity of the merger
ejecta and with a reasonable amount of ejecta mass (a
few 10−3M⊙), the observational data can be accounted
for, given that the merger left behind a long-lived, low-B
NS.

2. RADIOACTIVITY-POWERED MERGERNOVA
(KILONOVA) MODEL

6 In some papers, the dynamical ejecta is interpreted as “blue”
whereas the disk wind outflow as “red” (e.g. Kasen et al. 2017).

Fig. 1.— Constraints on the opacity κ and ejecta mass M for the
blue component of AT2017gfo. The constraints from the peak time
and peak luminosity are shown in the blue and red stripes, respec-
tively, with the velocity constrained to (0.3 ± 0.1)c. The theoret-
ically preferred parameter regime based on numerical simulations
is marked as gray rectangle at the upper left corner. Considering
inefficient heating due to a large Ye (favorable for a low κ) would re-
duce the heating rate by one order of magnitude (lower gray stripe).
Fixing κ ∼ 1 cm2g−1, the required heating rate is larger than what
radioactive heating can provide (upper gray stripe), suggesting the
existence of a central engine heating source.
In the traditional radioactivity-powered mergernova

(kilonova) model, the parameters of the blue-component
ejecta (the polar disk wind) can be estimated from the
observational bolometric peak luminosity and peak time
of AT2017gfo by the following analytical method. Ac-
cording to Arnett (1982), the peak bolometric luminosity
is equal to the heating rate at the peak time, i.e.,

Lp= ηthMε(tp), (1)

where ηth is the thermalization efficiency, M is the ejecta
mass and ε is the heating rate per unit mass. The heating
rate firstly remains constant for a duration of about one
second and then decays following a power law which can
be roughly estimated as (Metzger et al. 2010; Korobkin
et al. 2012)

ε(t) ≈ 2× 1010erg g−1s−1

(

t

1 day

)−α

, (2)

where α = 1.3. One can further use the characteris-
tic diffusion timescale of the ejecta to estimate the peak
emission time, which reads (Metzger 2017)
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where β = 3 is a dimensionless parameter characterized
by the density profile of the ejecta. As a result, the peak
luminosity can be determined to

Lp=1.2× 1041erg s−1
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where the thermalization efficiency is adopted as ηth ∼

0.5 following Barnes et al. (2016). By taking the ob-
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In order to interpret the blue component with high peak
luminosity (∼ 1042 erg s−1) and early peak time (∼ 1 d),
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could help to increase the mass of a disk wind. This can
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ernova (kilonova) model, but the required low opacity
may not been accounted for readily. Alternatively, if the
remnant NS is long-lived, then the mergernova emission
itself would be significantly affected by the NS due to
the additional energy injection from the NS and the ef-
fect of ionization (Yu et al. 2013; Metzger & Piro 2014).
On the other hand, the relatively low luminosity of the
prompt emission and broad-band afterglow has signifi-
cantly constrained the properties of a putative under-
lying NS, whose dipolar magnetic field should be much
below the range of a typical magnetar (Yu et al. 2017; Ai
et al. 2018). In any case, Yu et al. (2017) showed that
the observed emission from AT2017gfo can be accounted
by a hybrid model, with the early emission powered by
radioactivity and later emission powered by energy injec-
tion from a long-lived, low-field pulsar. In their model-
ing, all emission comes from the same ejecta component,
with a single uniform opacity around 1cm2g−1 and a to-
tal mass of ∼ (0.03 − 0.04)M⊙. The latter is somewhat
smaller than the total mass invoked to interpret the event
using the radioactive heating alone (e.g., 0.065M⊙; Vil-
lar et al. 2017). It remains unclear whether ionization
by the pulsar wind can penetrate deep enough to reduce
the opacity of the entire ejecta to be around ∼ 1cm2g−1.
This Letter includes two parts. The first part

(Section 2) is presents an argument against the tra-
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model, specifically, the difficulty to account for both
the high luminosity (high mass) and early peak time
(low opacity) simultaneously. Encouraged by Yu et al.
(2017), the second part (Section 3) presents our modeling
of AT2017gfo within the framework of engine-powered
mergernova. We show that without an ad hoc mech-
anism to drastically reduce the opacity of the merger
ejecta and with a reasonable amount of ejecta mass (a
few 10−3M⊙), the observational data can be accounted
for, given that the merger left behind a long-lived, low-B
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Fig. 1.— Constraints on the opacity κ and ejecta mass M for the
blue component of AT2017gfo. The constraints from the peak time
and peak luminosity are shown in the blue and red stripes, respec-
tively, with the velocity constrained to (0.3 ± 0.1)c. The theoret-
ically preferred parameter regime based on numerical simulations
is marked as gray rectangle at the upper left corner. Considering
inefficient heating due to a large Ye (favorable for a low κ) would re-
duce the heating rate by one order of magnitude (lower gray stripe).
Fixing κ ∼ 1 cm2g−1, the required heating rate is larger than what
radioactive heating can provide (upper gray stripe), suggesting the
existence of a central engine heating source.
In the traditional radioactivity-powered mergernova

(kilonova) model, the parameters of the blue-component
ejecta (the polar disk wind) can be estimated from the
observational bolometric peak luminosity and peak time
of AT2017gfo by the following analytical method. Ac-
cording to Arnett (1982), the peak bolometric luminosity
is equal to the heating rate at the peak time, i.e.,

Lp= ηthMε(tp), (1)

where ηth is the thermalization efficiency, M is the ejecta
mass and ε is the heating rate per unit mass. The heating
rate firstly remains constant for a duration of about one
second and then decays following a power law which can
be roughly estimated as (Metzger et al. 2010; Korobkin
et al. 2012)
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where α = 1.3. One can further use the characteris-
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inefficient heating due to a large Ye (favorable for a low κ) would re-
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Fig. 1.— Constraints on the opacity κ and ejecta mass M for the
blue component of AT2017gfo. The constraints from the peak time
and peak luminosity are shown in the blue and red stripes, respec-
tively, with the velocity constrained to (0.3 ± 0.1)c. The theoret-
ically preferred parameter regime based on numerical simulations
is marked as gray rectangle at the upper left corner. Considering
inefficient heating due to a large Ye (favorable for a low κ) would re-
duce the heating rate by one order of magnitude (lower gray stripe).
Fixing κ ∼ 1 cm2g−1, the required heating rate is larger than what
radioactive heating can provide (upper gray stripe), suggesting the
existence of a central engine heating source.
In the traditional radioactivity-powered mergernova

(kilonova) model, the parameters of the blue-component
ejecta (the polar disk wind) can be estimated from the
observational bolometric peak luminosity and peak time
of AT2017gfo by the following analytical method. Ac-
cording to Arnett (1982), the peak bolometric luminosity
is equal to the heating rate at the peak time, i.e.,

Lp= ηthMε(tp), (1)

where ηth is the thermalization efficiency, M is the ejecta
mass and ε is the heating rate per unit mass. The heating
rate firstly remains constant for a duration of about one
second and then decays following a power law which can
be roughly estimated as (Metzger et al. 2010; Korobkin
et al. 2012)

ε(t) ≈ 2× 1010erg g−1s−1

(

t

1 day

)−α

, (2)

where α = 1.3. One can further use the characteris-
tic diffusion timescale of the ejecta to estimate the peak
emission time, which reads (Metzger 2017)
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where β = 3 is a dimensionless parameter characterized
by the density profile of the ejecta. As a result, the peak
luminosity can be determined to
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,(4)

where the thermalization efficiency is adopted as ηth ∼

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

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

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

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

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

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

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

TABLE 1
MODEL PARAMETERS TO INTERPRET THE BROADBAND DATA OF GRB

050724, GRB 070714B AND GRB 061006

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

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

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

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

Other parameters
ϵe ϵB p ξ

GRB 050724 0.025 0.001 2.3 0.01
GRB 070714B 0.06 0.0002 2.6 0.1
GRB 061006 0.015 0.00003 2.1 0.01
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FIG. 2.— Peak luminosity for all claimed “kilonovae" and magnetar-
powered merger-novae.

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

powered merger-novae and the r-process powered kilo-novae
claimed in the literature. In Figure 2, we present the peak
luminosities of all claimed cases, compared with the typical
luminosities of novae, supernovae, and super-luminous super-
novae. One can see that the three kilo-novae associated with
GRB 050709, GRB 060614, and GRB 130603B indeed have
peak luminosities about 1000 times of that of a typical nova.
The three magnetar-poweredmerger-novae claimed in this pa-
per, on the other hand, are systematically brighter by more
than one order of magnitude, so that the term “kilo-nova”
cannot catch the properties of these events. The two popu-
lations are clearly separated from each other. More late-time
follow-up observations of short GRBs are needed to quantify
the fraction of NS-NS mergers with a magnetar merger prod-
uct.

Gao et al. 2017, ApJ, 837, 50
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zger & Fernández 2014). The observed AT2017gfo emis-
sion can be indeed understood with such a “blue+red”
kilonova model (e.g., Cowperthwaite et al. 2017; Smartt
et al. 2017; Tanaka et al. 2017; Villar et al. 2017)6.
In order to interpret the blue component with high peak
luminosity (∼ 1042 erg s−1) and early peak time (∼ 1 d),
a relatively low opacity (κ ∼ 0.3 cm2g−1), a relatively
large ejecta mass (M ∼ 0.03M⊙), and a relatively large
characteristic velocity (v ∼ 0.3c) are required. These
requirements push the boundary of numerical simula-
tions regarding the ejected mass (Dessart et al. 2009;
Fernández & Metzger 2013; Perego et al. 2014; Just et
al. 2015; Richers et al. 2015; Shibata et al. 2017) and
the expected opacity, which is believed to be not much
lower than ∼ 1cm2g−1 (Kasen et al. 2013).
Metzger et al. (2018) argued that a short-lived hyper-

massive NS with a surface magnetic field of B ∼ 1014G
could help to increase the mass of a disk wind. This can
partially reduce the difficulty of the radioactive merg-
ernova (kilonova) model, but the required low opacity
may not been accounted for readily. Alternatively, if the
remnant NS is long-lived, then the mergernova emission
itself would be significantly affected by the NS due to
the additional energy injection from the NS and the ef-
fect of ionization (Yu et al. 2013; Metzger & Piro 2014).
On the other hand, the relatively low luminosity of the
prompt emission and broad-band afterglow has signifi-
cantly constrained the properties of a putative under-
lying NS, whose dipolar magnetic field should be much
below the range of a typical magnetar (Yu et al. 2017; Ai
et al. 2018). In any case, Yu et al. (2017) showed that
the observed emission from AT2017gfo can be accounted
by a hybrid model, with the early emission powered by
radioactivity and later emission powered by energy injec-
tion from a long-lived, low-field pulsar. In their model-
ing, all emission comes from the same ejecta component,
with a single uniform opacity around 1cm2g−1 and a to-
tal mass of ∼ (0.03 − 0.04)M⊙. The latter is somewhat
smaller than the total mass invoked to interpret the event
using the radioactive heating alone (e.g., 0.065M⊙; Vil-
lar et al. 2017). It remains unclear whether ionization
by the pulsar wind can penetrate deep enough to reduce
the opacity of the entire ejecta to be around ∼ 1cm2g−1.
This Letter includes two parts. The first part

(Section 2) is presents an argument against the tra-
ditional radioactivity-powered mergernova (kilonova)
model, specifically, the difficulty to account for both
the high luminosity (high mass) and early peak time
(low opacity) simultaneously. Encouraged by Yu et al.
(2017), the second part (Section 3) presents our modeling
of AT2017gfo within the framework of engine-powered
mergernova. We show that without an ad hoc mech-
anism to drastically reduce the opacity of the merger
ejecta and with a reasonable amount of ejecta mass (a
few 10−3M⊙), the observational data can be accounted
for, given that the merger left behind a long-lived, low-B
NS.

2. RADIOACTIVITY-POWERED MERGERNOVA
(KILONOVA) MODEL

6 In some papers, the dynamical ejecta is interpreted as “blue”
whereas the disk wind outflow as “red” (e.g. Kasen et al. 2017).

Fig. 1.— Constraints on the opacity κ and ejecta mass M for the
blue component of AT2017gfo. The constraints from the peak time
and peak luminosity are shown in the blue and red stripes, respec-
tively, with the velocity constrained to (0.3 ± 0.1)c. The theoret-
ically preferred parameter regime based on numerical simulations
is marked as gray rectangle at the upper left corner. Considering
inefficient heating due to a large Ye (favorable for a low κ) would re-
duce the heating rate by one order of magnitude (lower gray stripe).
Fixing κ ∼ 1 cm2g−1, the required heating rate is larger than what
radioactive heating can provide (upper gray stripe), suggesting the
existence of a central engine heating source.
In the traditional radioactivity-powered mergernova

(kilonova) model, the parameters of the blue-component
ejecta (the polar disk wind) can be estimated from the
observational bolometric peak luminosity and peak time
of AT2017gfo by the following analytical method. Ac-
cording to Arnett (1982), the peak bolometric luminosity
is equal to the heating rate at the peak time, i.e.,

Lp= ηthMε(tp), (1)

where ηth is the thermalization efficiency, M is the ejecta
mass and ε is the heating rate per unit mass. The heating
rate firstly remains constant for a duration of about one
second and then decays following a power law which can
be roughly estimated as (Metzger et al. 2010; Korobkin
et al. 2012)

ε(t) ≈ 2× 1010erg g−1s−1

(

t

1 day

)−α

, (2)

where α = 1.3. One can further use the characteris-
tic diffusion timescale of the ejecta to estimate the peak
emission time, which reads (Metzger 2017)

tp=

(

3Mκ

4πβvc

)1/2

≈ 1.6 d

(

M

0.01M⊙

)1/2
( v

0.1 c

)−1/2
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,(3)

where β = 3 is a dimensionless parameter characterized
by the density profile of the ejecta. As a result, the peak
luminosity can be determined to

Lp=1.2× 1041erg s−1

(

M

0.01M⊙

)1−α/2
( v

0.1 c

)α/2
(
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1 cm2 g−1

)−α/2

,(4)

where the thermalization efficiency is adopted as ηth ∼

0.5 following Barnes et al. (2016). By taking the ob-
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Fig. 1.— Constraints on the opacity κ and ejecta mass M for the
blue component of AT2017gfo. The constraints from the peak time
and peak luminosity are shown in the blue and red stripes, respec-
tively, with the velocity constrained to (0.3 ± 0.1)c. The theoret-
ically preferred parameter regime based on numerical simulations
is marked as gray rectangle at the upper left corner. Considering
inefficient heating due to a large Ye (favorable for a low κ) would re-
duce the heating rate by one order of magnitude (lower gray stripe).
Fixing κ ∼ 1 cm2g−1, the required heating rate is larger than what
radioactive heating can provide (upper gray stripe), suggesting the
existence of a central engine heating source.
In the traditional radioactivity-powered mergernova

(kilonova) model, the parameters of the blue-component
ejecta (the polar disk wind) can be estimated from the
observational bolometric peak luminosity and peak time
of AT2017gfo by the following analytical method. Ac-
cording to Arnett (1982), the peak bolometric luminosity
is equal to the heating rate at the peak time, i.e.,

Lp= ηthMε(tp), (1)

where ηth is the thermalization efficiency, M is the ejecta
mass and ε is the heating rate per unit mass. The heating
rate firstly remains constant for a duration of about one
second and then decays following a power law which can
be roughly estimated as (Metzger et al. 2010; Korobkin
et al. 2012)

ε(t) ≈ 2× 1010erg g−1s−1
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where α = 1.3. One can further use the characteris-
tic diffusion timescale of the ejecta to estimate the peak
emission time, which reads (Metzger 2017)
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where β = 3 is a dimensionless parameter characterized
by the density profile of the ejecta. As a result, the peak
luminosity can be determined to
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where the thermalization efficiency is adopted as ηth ∼

0.5 following Barnes et al. (2016). By taking the ob-
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!Fig. 10.6 Left: Mergernova lightcurves as observed in different bands. Right: A comparison of
magnetar-powered mergernova lightcurve and the traditional kilonova lightcurve (with
small κ). From Yu et al. (2013).

Coupling this with the dynamical evolution of the ejecta, the lightcurves of a merg-
ernova in different energy bands can be obtained. Figure 10.6 (left) presents the
lightcurves of some magnetar-poweredmergernovae in different energy bands for dif-
ferent parameters. A comparison of the optical lightcurves between merger-novae,
a normal kilonova, and GRB-associated supernovae are presented in Figure 10.6
(right).
Observationally, several kilonova candidates have been reported: those associated

with GRB 130603B (Tanvir et al., 2013; Berger et al., 2013), GRB 060614 (Yang
et al., 2015), and GRB 050709 (Jin et al., 2016). A systematic search for magnetar-
powered mergernova was carried out, and three candidates, those associated with
GRBs 050724, 070714B, and 061006, were reported (Gao et al., 2017b). The peak
luminosities of these events were estimated to be above 1042 erg s−1, more than
one order of magnitude brighter than that of a standard kilonova. It seems that the
mergernova phenomenology may have a wide range of peak luminosity.

10.3.4 Global properties

Confronting the NS-NS and NS-BH merger models with the global properties of
short GRBs suggests a general agreement between theoretical expectations and
data, even though some inconsistencies do exist.

Redshift distribution

Most short GRBs have a relatively low z as compared to long GRBs. This is con-
sistent with the expectation of the compact star merger models, which predict a
delay time τm with respect to star formation, defined by the inspiral time scale of
the two compact stars due to gravitational wave radiation. This time scale depends
on the initial orbital period Porb, the masses of the two compact objects M1 and
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FIG. 1.—Modeling results for the broad-band observations of GRB 050724 (left panel), GRB 070714B (middle panel) and GRB 061006 (right panel). The blue
and red colors denote X-ray and optical, respectively. Detections are denoted as dots or diamonds with error bars, and upper limits are denoted by downwards
arrows. The blue and red dashed lines represent the GRB afterglow emission in the X-ray and optical bands, respectively; blue and red dotted dash lines represent
the merger-nova emission in the X-ray and optical band, respectively; the green dashed line denotes the evolution function of the magnetar spin-down radiation
luminosity; the light blue dashed line denotes the late magnetar wind dissipation emission. The blue and red solid lines denote the sum of various emission
components in the X-ray and optical bands, respectively.

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

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

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

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

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

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

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

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

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

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

5

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

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

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

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

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

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

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

TABLE 1
MODEL PARAMETERS TO INTERPRET THE BROADBAND DATA OF GRB

050724, GRB 070714B AND GRB 061006

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

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

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

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

Other parameters
ϵe ϵB p ξ

GRB 050724 0.025 0.001 2.3 0.01
GRB 070714B 0.06 0.0002 2.6 0.1
GRB 061006 0.015 0.00003 2.1 0.01
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FIG. 2.— Peak luminosity for all claimed “kilonovae" and magnetar-
powered merger-novae.

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

powered merger-novae and the r-process powered kilo-novae
claimed in the literature. In Figure 2, we present the peak
luminosities of all claimed cases, compared with the typical
luminosities of novae, supernovae, and super-luminous super-
novae. One can see that the three kilo-novae associated with
GRB 050709, GRB 060614, and GRB 130603B indeed have
peak luminosities about 1000 times of that of a typical nova.
The three magnetar-poweredmerger-novae claimed in this pa-
per, on the other hand, are systematically brighter by more
than one order of magnitude, so that the term “kilo-nova”
cannot catch the properties of these events. The two popu-
lations are clearly separated from each other. More late-time
follow-up observations of short GRBs are needed to quantify
the fraction of NS-NS mergers with a magnetar merger prod-
uct.
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with time. Similarly, the time interval for !m to cross the XRT
band from above is

tm ¼ 6:6 49 sð Þ"1=3B;$2"
4=3
e;$1E

1=3
52

1þ z

2

! "1=3

; ð11Þ

and the time interval for !c to cross the band from below is

tc ¼ 3:1 ; 1011 1:2 ; 1014 s
# $

1þ Yð Þ4"3B;$2E
$1
52 A

4
&

1þ z

2

! "3

¼ 0:3 120 sð Þ 1þ Yð Þ4"3B;$2E
$1
52 A

4
&;$3

1þ z

2

! "3

: ð12Þ

The critical time for the fast-slow cooling transition is

tmc ¼ 1:4 ; 104 s
# $

1þ Yð Þ"e;$1"B;$2A&

¼ 14 sð Þ 1þ Yð Þ"e;$1"B;$2A&;$3: ð13Þ

The deceleration time is essentially the duration of the burst,
i.e., tdec ' T ¼ (20 s)T1:3, since for typical parameters the wind
model is the so-called thick-shell case (e.g., Chevalier & Li
2000; Kobayashi & Zhang 2003b). For a typical wind param-
eter A& ' 1, the X-ray light curve is very simple. For t < tm, one
has !c < !X < !m, so that #X ¼ 1

4, $X ¼ 1
2, and #X ¼ (1$

$X)/2. When t > tm, during most of the observational time of
interest, one has !X > max (!m; !c), so that#X ¼ (3p$ 2)/2 '
1:15, $X ¼ p/2 ¼ 1:1 (photon index 2.1), and #X ¼ (3$X$
1)/2. The switching between the fast cooling and slow cooling
regimes does not influence the temporal and spectral indices in
the X-ray band. Only whenA& < 0:01, i.e., tc falls into the range
of observational interest, does a new temporal/spectral domain
appear.When t > tc, one has !m < !X < !c,#X ¼ (3p$ 1)/4 '
1:4, $X ¼ ( p$ 1)/2 ' 0:6 (photon index 1.6), and#X ¼ (3$X þ
1)/2. Such a feature has been used to interpret GRB 050128
(Campana et al. 2005).14 If A& is not much smaller than unity,
the blast wave is in the fast cooling regime, and radiative losses
could be substantial (Böttcher & Dermer 2000). A detailed
analysis has been presented in Wu et al. (2005).

3. The jet model (e.g., Rhoads 1999; Sari et al. 1999).—After
the jet break, the temporal decay index is predicted to be#X ¼ p.
This is derived by assuming significant sideways expansion.
This result is independent of whether the X-ray band is below or
above !c andwhether themedium is an ISMor a stellar wind. For
the latter, the timescale for the light curve to achieve the as-
ymptotic $p index is typically longer than that in the ISM case
(e.g., Kumar & Panaitescu 2000a; Gou et al. 2001).

All of the above discussions apply for the case of p > 2. For
p < 2, the case could be different. Dai & Cheng (2001) proposed
one scenario to deal with the case of p < 2, while Panaitescu &
Kumar (2002) extended the treatment of the p > 2 case to the
p < 2 regime.

3.2. Refreshed Shock Models

If there is significant continuous energy injection into the
fireball during the deceleration phase, the forward shock keeps
being ‘‘refreshed,’’ so that it decelerates less rapidly than in the
standard case. The bulk Lorentz factor of the fireball decays more
slowly than ! / R$3/2 (! / R$1/2) for the ISM (wind) case.

There are three possible physical origins for the refreshed
shocks:

1. The central engine itself is longer lasting, e.g., behaving as

L tð Þ ¼ L0 t=tbð Þ$q: ð14Þ

The dynamical evolution and the radiation signature of such a
system have been discussed in detail in Zhang & Mészáros
(2001). A specific model for such an injection case, i.e., the
energy injection from the initial spin-down from a millisecond
pulsar (preferably a millisecond magnetar), was discussed in
that paper and earlier in Dai & Lu (1998a). In such a specific
model, q ¼ 0 is required according to the spin-down law. Alter-
natively, the continued engine activity could be due to continued
infall onto a central black hole, resulting in the time dependence
equation (14).15 In general, for an adiabatic fireball, the injection
would modify the blast wave dynamics as long as q < 1 (Zhang
& Mészáros 2001). The energy in the fireball increases with time
as Eiso / t1$q, so that

! / R$ 2þqð Þ=2 2$qð Þ / t$ 2þqð Þ=8; R / t 2$qð Þ=4; ð15Þ
! / R$q=2 2$qð Þ / t$q=4; R / t 2$qð Þ=2; ð16Þ

for the ISM and wind models, respectively. It is then straight-
forward to work out the temporal indices for various temporal
regimes.
The ISM model.—The typical synchrotron frequency !m /

!2%eB / !4 / t$(2þq)/2, the synchrotron cooling frequency
!c / !$1B$3t$2 / !$4t$2 / t(q$2)/2, and the peak flux density
F!;max / NeB! / t1$q, where B / ! is the comoving magnetic
field strength, %e / ! is the typical electron Lorentz factor in the
shocked region, and Ne / R3 is the total number of the emitting
electrons. The temporal indices # for various spectral regimes
and their relationships with the spectral indices #($) are listed in
Table 2.
The wind model.—In the wind case, the ambient density is

n / R$2, where R is the radial distance of the shock front to the
central source. The typical synchrotron frequency !m / !2%eB /
!3B / t$(2þq)=2, the synchrotron cooling frequency !c / !$1

B$3t$2 / !$4t$2 / t (2$q)/2, and the peak flux density F!;max /
NeB! / !2 / t$q/2, where B / !R$1 is the comovingmagnetic
field strength andNe / R is the total number of emitting electrons.
The temporal indices # for various spectral regimes and their
relationships with the spectral indices #($) are listed in Table 2.
In order for the central engine to continuously feed the blast

wave, the Lorentz factor of the continuous flow must be (much)
larger than that of the blast wave. It could be a Poynting flux–
dominated flow. This is not difficult to satisfy since the blast
wave keeps decelerating. There could be a reverse shock prop-
agating into the continuous ejecta, but the radiation signature of
the reverse shock is typically not in the X-ray band (e.g., Zhang
& Mészáros 2001).
2. The central engine activity may be brief (e.g., as brief as the

prompt emission itself ), but at the end of the prompt phase, the
ejecta has a range of Lorentz factors, e.g., the amount of ejected
mass moving with Lorentz factors greater than % is (Rees &
Mészáros 1998; Panaitescu et al. 1998; Sari & Mészáros 2000)

M (>%) / %$s: ð17Þ

14 As discussed in x 3.2, after collecting more data, we now believe that the
shallow-to-normal decay observed in GRB 050128 is more likely due to the
transition from the energy injection phase to the standard phase (without injection).

15 The black hole torus system typically hasq ¼ 5=3 at later times (MacFadyen
et al. 2001; Janiuk et al. 2004), which has no effect on the blast wave evolution.
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(Campana et al. 2005).14 If A& is not much smaller than unity,
the blast wave is in the fast cooling regime, and radiative losses
could be substantial (Böttcher & Dermer 2000). A detailed
analysis has been presented in Wu et al. (2005).
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the jet break, the temporal decay index is predicted to be#X ¼ p.
This is derived by assuming significant sideways expansion.
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Kumar (2002) extended the treatment of the p > 2 case to the
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system have been discussed in detail in Zhang & Mészáros
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pulsar (preferably a millisecond magnetar), was discussed in
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model, q ¼ 0 is required according to the spin-down law. Alter-
natively, the continued engine activity could be due to continued
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wave, the Lorentz factor of the continuous flow must be (much)
larger than that of the blast wave. It could be a Poynting flux–
dominated flow. This is not difficult to satisfy since the blast
wave keeps decelerating. There could be a reverse shock prop-
agating into the continuous ejecta, but the radiation signature of
the reverse shock is typically not in the X-ray band (e.g., Zhang
& Mészáros 2001).
2. The central engine activity may be brief (e.g., as brief as the

prompt emission itself ), but at the end of the prompt phase, the
ejecta has a range of Lorentz factors, e.g., the amount of ejected
mass moving with Lorentz factors greater than % is (Rees &
Mészáros 1998; Panaitescu et al. 1998; Sari & Mészáros 2000)
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14 As discussed in x 3.2, after collecting more data, we now believe that the
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The total energy in the fireball increases as Eiso / !1!s /
!1!s, so that

! / R!3= 1þsð Þ / t!3= 7þsð Þ; R / t 1þsð Þ= 7þsð Þ; ð18Þ
! / R!1= 1þsð Þ / t!1= 3þsð Þ; R / t 1þsð Þ= 3þsð Þ; ð19Þ

for the ISM and wind models, respectively. One can then work
out the temporal decay indices in various spectral regimes (e.g.,
Rees & Mészáros 1998; Sari & Mészáros 2000). Alternatively,
for each s-value, one can find an effective q-value that mimics
the s effect, or vice versa. This gives

s ¼ 10! 7q

2þ q
; q ¼ 10! 2s

7þ s
; ð20Þ

s ¼ 4! 3q

q
; q ¼ 4

3þ s
; ð21Þ

for the ISM and wind models, respectively. In Table 2, the ex-
plicit s dependencies are not listed, but they could be inferred
from equations (20) and (21).

In this second scenario, the central engine need not last long.
All of the material could be ejected promptly. The continuous
injection is due to the different velocities of the ejecta. Initially as
the blast wave moves with high speed, the slower ejecta lag be-
hind and have no effect on the blast wave evolution. They later
progressively pile up onto the blast wave as the latter decelerates.
Only when s > 1 does one expect a change in the fireball dy-
namics. This corresponds to q < 1. For q ¼ 0:5, one gets s ¼
2:6 for the ISM case and s ¼ 5 for the wind case.

3. The energy injection is also brief, but the outflow has a sig-
nificant fraction of Poynting flux (e.g., Usov 1992; Thompson
1994; Mészáros & Rees 1997b; Lyutikov & Blandford 2003). As-
signing a parameter " for the outflow, which is the ratio between
the Poynting flux and baryonic kinetic energy flux, Zhang &
Kobayashi (2005) modeled the reverse shock emission from
ejecta with an arbitrary "-value. They found that during the cross-
ing of the reverse shock, the Poynting energy is not transferred to
the ambient medium. The Poynting energy (roughly by a factor of
") is expected to be transferred to the medium (and hence, to the
afterglow emission) after the reverse shock disappears. Zhang &
Kobayashi (2005) suggest that the transfer is delayed with respect

TABLE 2

Temporal Index # and Spectral Index $ in Various Afterglow Models

No Injection Injection

GRB Models $ # #($) # #($)
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%c < % < %m ..........................................
1

2

1

4
# ¼ $

2

3q! 2

4
(!0.1) # ¼ (q! 1)þ (2! q)$

2

% > %m ...................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Wind, Slow Cooling

% < %m ................................................... !1

3
0 # ¼ 3$ þ 1

2

q! 1

3
(!0.2) # ¼ q

2
þ (2þ q)$

2

%m < % < %c ..........................................
p! 1

2
(0.65)

3p! 1

4
(1.5) # ¼ 3$ þ 1

2

(2p! 2)þ ( pþ 1)q

4
(1.1) # ¼ q

2
þ (2þ q)$

2

% > %c ....................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Wind, Fast Cooling

% < %c .................................................... !1

3

2

3
# ¼ 1! $

2

(1þ q)

3
(0.5) # ¼ q

2
! (2! q)$

2

%c < % < %m ..........................................
1

2

1

4
# ¼ 1! $

2

3q! 2

4
(!0.1) # ¼ q

2
! (2! q)$

2

% > %m ...................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Notes.—This is the extension of Table 1 of Zhang &Mészáros (2004), with the inclusion of the cases of energy injection. The case of p < 2 is not included, and the
self-absorption effect is not discussed. Notice that a different convention F% / t!#%!$ is adopted here (in comparison to that used in Zhang &Mészáros 2004), mainly
because both the temporal index and the spectral index are generally negative in the X-ray band. The temporal indices with energy injection are valid only for q < 1, and
they reduce to the standard case (without energy injection; e.g., Sari et al. 1998; Chevalier & Li 2000) when q ¼ 1. For q > 1 the expressions are no longer valid, and the
standard model applies. An injection case due to pulsar spin-down corresponds to q ¼ 0 (Dai & Lu 1998a; Zhang & Mészáros 2001). Recent Swift XRT data are
generally consistent with q & 0:5. The numerical values quoted in parentheses are for p ¼ 2:3 and q ¼ 0:5.
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ISM

wind

The total energy in the fireball increases as Eiso / !1!s /
!1!s, so that

! / R!3= 1þsð Þ / t!3= 7þsð Þ; R / t 1þsð Þ= 7þsð Þ; ð18Þ
! / R!1= 1þsð Þ / t!1= 3þsð Þ; R / t 1þsð Þ= 3þsð Þ; ð19Þ

for the ISM and wind models, respectively. One can then work
out the temporal decay indices in various spectral regimes (e.g.,
Rees & Mészáros 1998; Sari & Mészáros 2000). Alternatively,
for each s-value, one can find an effective q-value that mimics
the s effect, or vice versa. This gives

s ¼ 10! 7q

2þ q
; q ¼ 10! 2s

7þ s
; ð20Þ

s ¼ 4! 3q

q
; q ¼ 4

3þ s
; ð21Þ

for the ISM and wind models, respectively. In Table 2, the ex-
plicit s dependencies are not listed, but they could be inferred
from equations (20) and (21).

In this second scenario, the central engine need not last long.
All of the material could be ejected promptly. The continuous
injection is due to the different velocities of the ejecta. Initially as
the blast wave moves with high speed, the slower ejecta lag be-
hind and have no effect on the blast wave evolution. They later
progressively pile up onto the blast wave as the latter decelerates.
Only when s > 1 does one expect a change in the fireball dy-
namics. This corresponds to q < 1. For q ¼ 0:5, one gets s ¼
2:6 for the ISM case and s ¼ 5 for the wind case.

3. The energy injection is also brief, but the outflow has a sig-
nificant fraction of Poynting flux (e.g., Usov 1992; Thompson
1994; Mészáros & Rees 1997b; Lyutikov & Blandford 2003). As-
signing a parameter " for the outflow, which is the ratio between
the Poynting flux and baryonic kinetic energy flux, Zhang &
Kobayashi (2005) modeled the reverse shock emission from
ejecta with an arbitrary "-value. They found that during the cross-
ing of the reverse shock, the Poynting energy is not transferred to
the ambient medium. The Poynting energy (roughly by a factor of
") is expected to be transferred to the medium (and hence, to the
afterglow emission) after the reverse shock disappears. Zhang &
Kobayashi (2005) suggest that the transfer is delayed with respect

TABLE 2

Temporal Index # and Spectral Index $ in Various Afterglow Models

No Injection Injection

GRB Models $ # #($) # #($)

ISM, Slow Cooling

% < %m ................................................... !1

3
!1

2
# ¼ 3$

2

5q! 8

6
(!0.9) # ¼ (q! 1)þ (2þ q)$

2

%m < % < %c ..........................................
p! 1

2
(0.65)

3( p! 1)

4
(1.0) # ¼ 3$

2

(2p! 6)þ ( pþ 3)q

4
(0.3) # ¼ (q! 1)þ (2þ q)$

2

% > %c ....................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

ISM, Fast Cooling

% < %c .................................................... !1

3
!1

6
# ¼ $

2

7q! 8

6
(!0.8) # ¼ (q! 1)þ (2! q)$

2

%c < % < %m ..........................................
1

2

1

4
# ¼ $

2

3q! 2

4
(!0.1) # ¼ (q! 1)þ (2! q)$

2

% > %m ...................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Wind, Slow Cooling

% < %m ................................................... !1

3
0 # ¼ 3$ þ 1

2

q! 1

3
(!0.2) # ¼ q

2
þ (2þ q)$

2

%m < % < %c ..........................................
p! 1

2
(0.65)

3p! 1

4
(1.5) # ¼ 3$ þ 1

2

(2p! 2)þ ( pþ 1)q

4
(1.1) # ¼ q

2
þ (2þ q)$

2

% > %c ....................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Wind, Fast Cooling

% < %c .................................................... !1

3

2

3
# ¼ 1! $

2

(1þ q)

3
(0.5) # ¼ q

2
! (2! q)$

2

%c < % < %m ..........................................
1

2

1

4
# ¼ 1! $

2

3q! 2

4
(!0.1) # ¼ q

2
! (2! q)$

2

% > %m ...................................................
p

2
(1.15)

3p! 2

4
(1.2) # ¼ 3$ ! 1

2

(2p! 4)þ ( pþ 2)q

4
(0.7) # ¼ q! 2

2
þ (2þ q)$

2

Notes.—This is the extension of Table 1 of Zhang &Mészáros (2004), with the inclusion of the cases of energy injection. The case of p < 2 is not included, and the
self-absorption effect is not discussed. Notice that a different convention F% / t!#%!$ is adopted here (in comparison to that used in Zhang &Mészáros 2004), mainly
because both the temporal index and the spectral index are generally negative in the X-ray band. The temporal indices with energy injection are valid only for q < 1, and
they reduce to the standard case (without energy injection; e.g., Sari et al. 1998; Chevalier & Li 2000) when q ¼ 1. For q > 1 the expressions are no longer valid, and the
standard model applies. An injection case due to pulsar spin-down corresponds to q ¼ 0 (Dai & Lu 1998a; Zhang & Mészáros 2001). Recent Swift XRT data are
generally consistent with q & 0:5. The numerical values quoted in parentheses are for p ¼ 2:3 and q ¼ 0:5.
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Energy injection from the pulsar381

The existence of a central engine pulsar would inevitably provide additional energy injection to the382

blastwave and to the kilonova ejecta. This would influence the emission properties of the broad-383

band afterglow and the kilonova emission. Energy injection into a blastwave by an underlying384

pulsar has been extensively studied 68, 69. For an engine satisfying Eq.(2), in the spectral regime385

below ⌫
c

(where the X-rays seem to lie in), the forward shock flux scales as 69, 6
386

F
⌫

/ t(1�q)� (p�1)(2+q)
4 , (3)

which is valid for q  1. The broad-band afterglow spectral index of GW170817 suggests p ⇠ 2.2.387

The observed F
⌫

/ t0.8 rise of the afterglow demands q ⇠ �0.29, which is out the scope of the388

pulsar model. This suggests that energy injection of the pulsar can at most partially contribute to the389

observed energy injection of GW170817 afterglow. Additional energy injection, either from high390

latitudes of a structured jet or from a stratified ejecta outflow (in the cocoon scenario), is needed.391

For q = 1 (relevant for secular-GW-spindown-dominated case), energy injection is essentially392

negligible. The energy injection parameters from the two models (structured jet and cocoon) are393

essentially the same as the ones without invoking central engine energy injection. For q = 0394

(relevant for dipolar-spindown-dominated phase), the engine injection from the pulsar does not395

alter the afterglow emission provided L
0

< 4⇥10

44erg/s as demonstrated previously. The inclusion396

of reverse shock emission can also interpret the broad-band data.70
397

The impact on the kilonova due to the energy injection of the underlying pulsar has been398

studied 63, 24. Both the early (blue) and late (red) kilonova components can be accounted for with399
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Zhang et al., 2006, ApJ, 642, 354

Pulsar: q=0 or q=1
Not enough but allowed!
Extra injection lateral/radial injection needed



Energy injection in GW170817

Troja et al., 2018, MNRAS

Lazzati et al., 2017, arXiv:1712.03237



What is the merger product?



Argument in favor of a BH

• There was a short GRB

– Accretion-powered short GRB? Not 

necessarily true

– If so, NS/QS maximum mass 

• Low luminosity prompt emission and 

afterglow

– Cannot be a magnetar, low-B pulsar 

allowed but not required

• Lack of smoking gun signature of a 

long-lived NS/QS



Surprise! Surprise!



A self-consistent picture

• GW170817 left behind a long-lived NS/QS

• Low poloidal B but high toroidal B

• An early Poynting-flux-dominated flow 

emerges from the ejecta, naturally structured

• Magnetic dissipation at a large distance 

powers prompt emission

• Energy injection from the pulsar powers 

kilonova with regular mass; large velocity due 

to Poynting-flux acceleration

• Late-time activity powers the X-ray flare



Implications

• MTOV is large! Rule out 

many soft EoSs

• Small tidal deformability 

rules out many stiff EoSs

• “Goldilocks” EoSs

• Consistent with 

conclusions drawn from 

short GRB observations 

and modeling (Gao et al. 

2016).



Summary

• GW170817 / GRB 170817A / 

AT2017gfo / afterglow presented rich 

data for human to study the very first 

NS-NS merger system

• Some interesting constraints reached; 

many questions remain; observations of 

more systems desired.

• Excitements yet to come!


