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ABSTRACT

Recent observations indicate that in a large fraction of binary neutron star(BNS) mergers a long-lived neutron star
(NS) may be formed rather than a black hole. Unambiguous electromagnetic(EM) signatures of such a scenario
would strongly impact our knowledge on how short gamma-ray bursts(SGRBs) and their afterglow radiation are
generated. Furthermore, such EM signals would have profound implications for multimessenger astronomy with
joint EM and gravitational-wave(GW) observations of BNS mergers, which will soon become reality thanks to the
ground-based advanced LIGO/ Virgo GW detector network. Here we explore such EM signatures based on the
model presented in a companion paper, which provides a self-consistent evolution of the post-merger system and
its EM emission up to� 107 s. Light curves and spectra are computed for a wide range of post-merger physical
properties. We present X-ray afterglow light curves corresponding to the“standard” and the“time-reversal”
scenario for SGRBs(prompt emission associated with the merger or with the collapse of the long-lived NS). The
light curve morphologies include single and two-plateau features with timescales and luminosities that are in good
agreement withSwiftobservations. Furthermore, we compute the X-ray signal that should precede the SGRB in the
time-reversal scenario, the detection of which would represent smoking-gun evidence for this scenario. Finally, we
� nd a bright, highly isotropic EM transient peaking in the X-ray band at� 102–104 s after the BNS merger with
luminosities ofLX � 1046–1048erg s� 1. This signal represents a very promising EM counterpart to the GW
emission from BNS mergers.

Key words:gamma-ray burst: general– gravitational waves– pulsars: general– stars: magnetars– stars: neutron–
X-rays: general

1. INTRODUCTION

Merging binary neutron stars(BNSs) and neutron star–black
hole (NS–BH) binaries are considered the leading scenario to
explain the phenomenology of short gamma-ray bursts
(SGRBs; e.g., Paczynski1986; Eichler et al.1989; Narayan
et al. 1992; Barthelmy et al.2005a; Fox et al.2005; Gehrels
et al. 2005; Shibata et al.2006; Rezzolla et al.2011; Berger
et al. 2013; Tanvir et al.2013; Paschalidis et al.2015; Yang
et al. 2015). The standard paradigm for the generation of the
SGRB is an accretion powered jet from a remnant BH–torus
system that is formed� 10–100 ms after merger(e.g., Narayan
et al.1992; Janka et al.1999; Rezzolla et al.2011; Paschalidis
et al.2015). According to this paradigm, energy release should
cease once the torus has been accreted on a timescale of� 1 s,
which is consistent with the duration of the SGRB prompt
emission of less than� 2 s.

However, observations by theSwift satellite (Gehrels
et al. 2004) have recently revealed long-lasting(� 102–105 s),
X-ray afterglows in a large fraction of SGRB events that are
indicative of continuous energy release from a central engine
on timescales orders of magnitude larger than the typical
torus accretion timescale(up to � 104 s; e.g., Rowlinson
et al. 2010, 2013; Gompertz et al. 2013, 2014; Lü
et al. 2015). These afterglows are dif� cult to explain by
accretion of the torus or by prolonged afterglow radiation
generated by the interaction of the jet with the ambient medium
(Kumar & Zhang2015and references therein).

If a large fraction of BNS mergers result in the formation of a
stable or long-lived NS rather than a BH, extraction of
rotational energy via magnetic spin-down from such an object

(typically a millisecond magnetar) could power the observed
long-lasting afterglows(e.g., Zhang & Mészáros2001; Metz-
ger et al.2008; Bucciantini et al.2012; Gompertz et al.2013;
Rowlinson et al.2013; Lü et al.2015). If true, this challenges
the NS–BH progenitor scenario in a large fraction of SGRB
events. The formation of a long-lived NS in a BNS merger is
indeed very likely. Recent observations of massive NSs with a
mass of ; 2 Me together with population synthesis models
indicate that the vast majority of BNS mergers should result in
the formation of a long-lived NS(Lasota et al. 1996;
Belczynski et al.2008; Demorest et al.2010; Antoniadis
et al. 2013; see Section 1 of Siegel & Ciol� 2016 for a more
detailed discussion). However, such magnetar models cannot
readily explain how the prompt SGRB emission should be
generated. Material dynamically ejected during the merger
process as well as matter ejected subsequently in neutrino and
magnetically driven winds from the remnant NS and an
accretion disk strongly pollute the merger site with baryons
(e.g., Oechslin et al.2007; Dessart et al.2009; Bauswein
et al. 2013; Hotokezaka et al.2013; Metzger & Fernández
2014; Siegel et al.2014; Kastaun & Galeazzi2015), which
severely threatens the generation of a relativistic out� ow. Even
if formed by an NS–torus system shortly after merger, such a
jet can be choked by the surrounding material(Murguia-
Berthier et al.2014; Nagakura et al.2014). We note that
numerical simulations of the merger process have so far not
shown any evidence for jet formation in this case(Giacomazzo
& Perna2013).

The recently proposed“time-reversal” scenario(Ciol� &
Siegel 2015a, 2015b; see Rezzolla & Kumar2015 for an
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alternative proposal) offers a possible solution to this problem.
In this scenario, the SGRB is associated with the time of
collapse of the long-lived NS, which occurs on the spin-down
timescale� 102–104 s after merger. The long-lasting X-ray
afterglow radiation is produced by spin-down energy extracted
from the NS prior to collapse, slowly diffusing outward
through the optically thick environment composed of a pulsar
wind nebula(PWN) and an outer shell of previously ejected
material(see Figure 1 of Siegel & Ciol� 2016and Figure 1 of
Ciol� & Siegel 2015b). The problem of baryon pollution is
avoided here as the NS is surrounded by a baryon-free PWN at
the time of collapse. However, Margalit et al.(2015) recently
questioned the formation of a massive torus around the BH
after the collapse of the long-lived NS and thus the formation
of a jet in this case.

While the generation of the prompt SGRB emission still
remains a matter of debate, in the present paper we focus on
predicting X-ray afterglow light curves and spectra for both the
“standard” magnetar scenario and the time-reversal scenario
(i.e., assuming that the prompt burst occurs at the time of
merger or at the time of collapse of the newly formed NS)
employing a detailed dynamical evolution model presented in a
companion paper(Siegel & Ciol� 2016, henceforth PaperI).
This model should be applicable to any BNS merger leading to
the formation of a long-lived NS. It predicts the evolution of
the post-merger system and its electromagnetic(EM) emission
in a self-consistent way, given some initial data that can be
extracted from a numerical relativity simulation tens of
milliseconds after merger. It bridges the gap between the short
timescales accessible to numerical simulations of the merger
process and the timescales of interest for SGRB afterglow
radiation. Our model evolves the post-merger system through
three main evolutionary phases(see PaperI for details). During
an early baryonic wind phase the surrounding of the newly
formed NS is polluted with matter while differential rotation is
being removed(Phase I). Once mass loss is suppressed, a
pulsar atmosphere is set up that drives a strong shock through
the envelope of previously ejected matter and sweeps up all the
material into a thin shell(Phase II). Finally, the system is
composed of a radially expanding ejecta shell that con� nes a
PWN centered around the NS(Phase III). The NS can collapse
to a BH at any time during Phase I–III, which gives rise to very
different EM emission scenarios. In the present paper, we apply
this model to a wide range of physically motivated post-merger
systems. We investigate the possible morphologies of X-ray
light curves for both the standard and the time-reversal
scenario, which can be compared to observations of theSwift
satellite. In particular, we also compute detailed predictions for
the X-ray radiation expected to precede the prompt SGRB
emission in the time-reversal scenario. The latter predictions
can be used to search for this X-ray signal. The presence or
absence of such radiation would have strong implications on
how and when SGRBs are produced in BNS mergers.

EM emission from BNS mergers is also of prime importance
for multimessenger astronomy. BNS mergers are the most
promising source of gravitational waves(GW) for detection
with interferometric detectors such as advanced LIGO and
Virgo (Abadie et al. 2010; Harry et al. 2010; Accadia
et al. 2011). With those detectors starting their� rst science
runs in 2015, joint EM and GW observations will become a
routine undertaking in the very near future(Singer et al.2014).
Such multimessenger astronomy can greatly enhance the

scienti� c output of GW and EM observations(see Section 1
of PaperI for a more detailed discussion), although the actual
bene� t depends on the knowledge about the EM signals to be
expected in association with BNS mergers. While the prompt
SGRB emission will be observable only in a very small number
of events(see Section7), (i) more isotropic EM counterparts
need to be identi� ed that are(ii ) bright and(iii ) long-lasting,
that are produced in a(iv) high fraction of events, and that can
(v) distinguish between a BNS and an NS–BH merger(see also
Section 1 of PaperI). We note that a kilonova(or macronova)
might be bright enough in some cases(Berger et al.2013;
Tanvir et al.2013; Yang et al.2015)—a near-infrared/ optical
transient powered by the radioactive decay of heavy nuclei
synthesized in the material dynamically ejected during a BNS
or NS–BH merger (Li & Paczy� ski 1998; Kulkarni 2005;
Rosswog2005; Metzger et al.2010; Roberts et al.2011;
Barnes & Kasen2013; Piran et al. 2013; Tanaka &
Hotokezaka2013). It also ful� lls the remaining criteria but
the last one. While in principle it might be possible to
distinguish between BNS and NS–BH mergers with a kilonova
observation(Tanaka et al.2014), it is dif� cult in practice(Yang
et al. 2015). Employing our model, we� nd here an EM
counterpart signal of a BNS merger that ful� lls all criteria(i)–
(v). If observed, such an EM signature would represent
compelling evidence for a BNS merger and for the formation
of a long-lived NS, which, in turn, would place strong
constraints on the unknown equation of state of nuclear matter
at high densities. Moreover, such an EM counterpart can reveal
important information about the evolution of the post-merger
system and the associated physical processes not accessible to
GW observations.

This paper is organized as follows. In Section2, we de� ne
the X-ray light curves and spectra the following discussion is
based on. Section3 brie� y describes the parameters of our
model and assigns associated ranges that de� ne the parameter
space for post-merger con� gurations to be explored in the
following sections. Further assumptions are also discussed. In
Section4, we present in detail the results of a typical run with
� ducial parameter values and comment on the underlying
physical processes. Section5 illustrates the in� uence and
importance of individual parameters, while Section6 explores
the entire parameter space to provide a more comprehensive
overview of the different morphologies of possible X-ray light
curves, which are compared to observations. Finally, Section7
is reserved for a discussion of our numerical results in the
context of X-ray afterglows of SGRBs and EM counterparts to
the GW signal of the inspiral and merger of BNS systems and it
presents our main conclusions. For details on the evolution
model and the underlying phenomenology, we refer to PaperI.

2. LIGHT CURVES AND SPECTRA: DEFINITIONS

The most important prediction of our model to be compared
to observations is the frequency and time-dependent light curve
Lobs(t, x) as seen by a distant observer(cf. Equation(138) of
PaperI).4 Here,x = h� / mec

2 de� nes a normalized dimension-
less photon energy, where� is the photon frequency,h the
Planck constant,me the electron mass, andc the speed of light.
This light curve characterizes the radiation emerging from the

4 Henceforth we drop the primes used in PaperI to distinguish between lab-
frame and observer quantities. We assume that their respective meanings
should be clear from the context.

2

The Astrophysical Journal, 819:15(20pp), 2016 March 1 Siegel & Ciol �



post-merger system and it is reconstructed from the numerical
integration of the model evolution equations(Equations(1)–
(15) of PaperI) as described in Section 5.7 of PaperI. This
reconstruction takes into account the combined effects of
relativistic beaming and the relativistic Doppler and time-of-
� ight effects. In order to facilitate a comparison with
observations, we further de� ne several luminosities restricted
to speci� c wavelength bands, some of which correspond to the
spectral ranges of the instruments aboard theSwift satellite
(Gehrels et al.2004):

�¨��L t L t x dx, . 1
X

obs,band obs
band

( ) ( ) ( )

The wavelength bands we consider are as follows.Xtot = [xmin,
xmax] represents the entire spectral range considered by our
model from radio to� -ray energies, with typicallyxmin = 10� 18

and xmax = � max (cf. Section 5.2 of PaperI), where � max

denotes the maximum Lorentz factor of the non-thermal
particles in the PWN(cf. Table 1). Moreover, XXRT =
[xmin,XRT, xmax,XRT], XBAT = [xmin,BAT, xmax,BAT], and
XUVOT = [xmin,UVOT, xmax,UVOT], with associated energy/
wavelength ranges of 0.3–10 keV, 15–150 keV, and
170–650 nm, respectively, correspond to the spectral ranges
of the X-Ray Telescope(XRT; Burrows et al.2005), the Burst
Alert Telescope(BAT; Barthelmy et al.2005b), and the
Ultraviolet/ Optical Telescope(UVOT; Roming et al.2005)
aboard theSwift spacecraft. Furthermore, we de� ne energy
bands labelled as“ low” and “high” that contain the radiation
emitted below and above the sensitivity regimes ofSwift. The
subdivision into individual bands according to(1) allows us to

make very speci� c predictions for the EM emission from long-
lived BNS merger remnants that falls into the sensitivity
windows of the leading instruments for the observation of
SGRBs and their afterglows. However, predictions for any
other desired spectral range can easily be generated.

3. GENERAL INPUT PARAMETERS AND SETUP

3.1. Parameter Values

According to our model presented in PaperI, predictions for
the EM emission from a BNS merger remnant result from a
self-consistent numerical evolution of a set of coupled
differential equations based on several input parameters, which
we list in Table1. In this paper, we explore physically plausible
ranges for these parameters(see “Range” in Table 1) and
employ a set of speci� c values labelled as“ � ducial” in Table1
as a reference for comparison.

The majority of in� uential model input parameters can be
determined, estimated, or constrained using numerical relativity
simulations of the BNS merger and early post-merger phase. In
particular,Min� , vej,in, B̄, Erot,NS,in, Pc, Re, MNS,in, andTej,NS,in

can be directly read off from a simulation(e.g., Dessart et al.
2009; Siegel et al.2014; Siegel & Ciol� 2015a). Furthermore,
the neutrino-cooling timescalet� can be estimated from the
thermal energy content of the NS, given the total neutrino
luminosity(e.g., Dessart et al.2009). The timescale for removal
of differential rotation,tdr, can be estimated by the Alvén
timescale, which is given in terms of the magnetic� eld strength
B̄, the radiusRe, and the massMNS,in of the NS(Shapiro2000).
In summary, the initial conditions for our model can essentially

Table 1
Model Input Parameters(see Table 2 of PaperI for References to Explicit De� nitions of these Quantities) with Corresponding Ranges Considered Here and a Fiducial

Value Used for the Model Run Described in Section4

Parameter Range Fiducial value Description

Min� 10� 3–
10� 1 Me s� 1

5�× �10� 3 Me s� 1 initial mass-loss rate of the NS

tdr 0.1–10 s 1 s timescale for removal of differential rotation from the NS
� M 1–2 2 ratio oftdr to the timescale for decrease of the mass-loss rate
vej,in 0.01–0.1c 0.01c initial expansion speed of the baryonic ejecta material
B̄ 1014–1017 G 1016 G magnetic� eld strength in the outer layers of the NS
�IBp

0.01–0.5 0.1 dipolar magnetic� eld strength of the pulsar in units ofB̄

Erot,NS,in (1–5)�× �1052

erg
5�× �1052 erg initial rotational energy of the NS

Pc 0.5–2 ms 0.5 ms initial central spin period of the NS
Re L 11 km equatorial radius of the NS
MNS,in L 2.4Me initial mass of the NS
Ipul L 2�× �1045 g cm2 moment of inertia of the pulsar
Tej,NS,in 10–30 MeV 20 MeV initial temperature of the material ejected from the NS surfacea

� 0.2–10
cm2 g� 1

0.2 cm2 g� 1 opacity of the ejecta material

t� 0.3–3 s 0.3 s neutrino-cooling timescale
�IBn

10� 4–10� 2 10� 3 fraction of the total pulsar wind power injected as magnetic energy per unit time into the PWN

� TS L 0.1 ef� ciency of converting pulsar wind power into random kinetic energy of accelerated particles in the PWN
� max 104–106 104 maximum Lorentz factor for non-thermal particle injection into the PWN
� e 0.5–2.5 2.5 power-law index of the non-thermal spectrum for particle injection into the PWN
fcoll 0.1–3 1 (only in the collapse scenario) parameter specifying the time of collapse of the NS in units of the spin-down

timescale(collapse during Phase III) or in units oftdr (“ fcoll,PI,” collapse during Phase I)

Note.�Most of these parameters can be extracted from(or at least estimated/ constrained using) numerical relativity simulations of BNS mergers.
a We employ this parameter here for convenience instead of the initial speci� c internal energy of the NS material(see Table 2 of PaperI), assuming an ideal gas
equation of state with adiabatic index of� �= �2.
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be set by an appropriate� nal snapshot of a BNS merger
simulation.

There are further parameters, such as�IBp
, Ipul, �IBn

, � TS, � max,
and � e, which cannot be constrained from simulations of the
merger and early post-merger process, as they refer to
properties of the pulsar and the PWN in Phase II and III of
the evolution. Fortunately,�IBp

can largely be absorbed into the
parameterB̄ (cf. Section5.1), Ipul can essentially be absorbed in
Erot,NS,in, varying � TS results in a trivial change(just
renormalizing the light curves), and the numerical results are
not particularly sensitive to the remaining parameters.

Some of the parameters listed in Table1 are not varied and,
instead, set to some representative value. These are parameters
that are either well constrained and do not in� uence the
numerical evolution signi� cantly, only change the results in a
trivial way, and/ or they can essentially be absorbed into other
parameters. One of these parameter values merits further
discussion.

The value for� TS corresponds at an order-of-magnitude level
to the ef� ciency of the Crab Nebula in converting pulsar wind
power into particle motion, which is currently estimated to be
� 10% (Kennel & Coroniti1984; Bühler & Blandford2014;
Olmi et al. 2015). For PWNe formed in BNS mergers
according to our model, this ef� ciency factor could be
different. However, different values for� TS result in different
offsets for the light curves, i.e., in a renormalization of the
numerical results. Therefore, as long as our model is not used
to � t observational data, this parameter can be kept� xed.

Our model characterizes the ejecta material by a mean
opacity � , which we assume to be constant over time,
� L � L� � � x ��0.2 cm ges

2 1. This value corresponds to Thomson
electron scattering, which is the dominant source of opacity at
optical and UV wavelengths in the case of iron-rich material
(resulting from a high electron fraction). The other important
source for opacity of iron-rich material at optical/ UV
wavelengths, bound–bound absorption, is of the same order
of magnitude or less(� 0.1 cm2 g� 1; Pinto & Eastman2000;
Kasen et al.2013). For neutron-rich material(low electron
fraction), instead,� can become as high as 10 cm2 g� 1 due to
bound–bound opacities generated by transitions of the valence
electrons in lanthanide elements(Kasen et al.2013). However,
we assume here that even if the ejecta material was neutron-
rich, irradiation from the PWN is strong enough to ensure a
very high degree of ionization of the lanthanide elements, such
that� � � es. At X-ray wavelengths, which is what we are most
interested in, an important contribution to the opacity can come
from bound-free absorption, depending on the ionization state
of the material. Here we assume again that the PWN is
suf� ciently luminous to ensure a very high degree of ionization
of the ejecta material on the timescales of interest, such that� �
� es. A more detailed computation of the opacity at X-ray
wavelengths based on partial ionization of the ejecta material,
e.g., along the lines of Metzger et al.(2014) and Metzger &
Piro (2014), can, in principle, be included into our model as
well. Nevertheless, we take� as an input parameter of our
model(cf. Table1) and explore the effect of higher values of�
in Section5.1.

3.2. Assumptions

For the time being, we adopt two further simplifying
assumptions. First, we neglect effects of thermal Comptoniza-
tion in the PWN in Phase III, i.e., we set �wn 0C

T� in the photon

balance equation(cf. Section 4.3.1 of PaperI). This reduces the
procedure of solving the coupled set of integro-differential
equations for the photon and particle spectra(Equations(78)
and (79) of PaperI) of the PWN to the scheme outlined in
Section 5.2 of PaperI, which severely lowers the computational
cost for the overall numerical evolution of our model.

Second, for the time being, we neglect effects of further
acceleration in Phase III aftert = tshock,out, i.e., we setaej � 0 in
Equation (11) of PaperI. This is because we� nd that for
typical input parameter values, the assumption of quasi-
stationarity adopted for the description of the radiative
processes in the PWN(see Sections 4.3.1 and 5.4 of PaperI)
would otherwise not be well satis� ed and we expect errors of
the order of unity in this case(see also Section4.2). We
therefore postpone a discussion of results for non-zero
acceleration of the ejecta shell until a time-dependent frame-
work for the radiative physics of the PWN has been
implemented in future work. Such a time-dependent formalism
is also required to include a non-zero albedo of the ejecta
material, which is why we neglect it here throughout the entire
evolution.

4. RESULTS: FIDUCIAL RUN

In this section, we illustrate the numerical evolution of the
model equations(Equations(1)–(15) of PaperI) using a typical
set of parameter values labelled as“ � ducial” in Table1. This
run also serves as a reference for comparison with other
parameter settings in the following sections. The results for all
other cases are analyzed and interpreted in an analogous way.

4.1. Light Curve

Figure1 shows the luminosity of escaping radiation from the
system throughout the entire evolution. In the following, we
discuss the evolution of the system focusing on the top panel,
which reports the thermal luminosityLrad (cf. Equations(34),
(74), and(100) of PaperI) and non-thermal luminosityLrad,nth
(cf. Equation(104) of PaperI) as computed in the lab frame
(rest frame of the NS; cf. Appendix B of PaperI). The
evolution of our model can be initialized by data from a
numerical relativity simulation(see Section3.1). We associate
the time of merger of the BNS witht = 0 and start the
numerical evolution of our model a few to tens of milliseconds
after merger, typically att = tmin = 10� 2 s, once a roughly
axisymmetric state of the NS has been reached.

During Phase I, the NS ejects a signi� cant amount of mass
through a baryon-loaded wind(see Section 4.1.1 of PaperI)
that carries thermal and EM energy(see Section 4.1.2 of
PaperI). Density pro� les of this wind for selected times during
Phase I are reported in Figure2. Radiative energy loss from this
wind is, however, comparatively inef� cient due to the very
high optical depth of the ejecta material at these early times
(see Figure3). The total luminosity remains at a level of
� 1039erg s� 1 and rises appreciably only toward the end of
Phase I when further mass ejection from the NS is heavily
suppressed(see Equation(17) of PaperI) and the bulk of the
material has already moved far away from the NS, such that the
average density of the baryon-loaded wind and thus the optical
depth strongly decreases. This steep decrease of the average
density toward the end of Phase I is evident from Figure2.

At t = tpul,in, once the density in the vicinity of the NS has
become suf� ciently small, a pulsar magnetosphere is set up and
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