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the next years
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Table 4. Compact binary coalescence rates per Mpc3 per Myra.

Source Rlow Rre Rhigh Rmax

NS–NS (Mpc−3 Myr−1) 0.01 [1] 1 [1] 10 [1] 50 [16]
NS–BH (Mpc−3 Myr−1) 6 × 10−4 [18] 0.03 [18] 1 [18]
BH–BH (Mpc−3 Myr−1) 1 × 10−4 [14] 0.005 [14] 0.3 [14]

a See footnotes in table 2 for details on the sources of the values in this table.

Table 5. Detection rates for compact binary coalescence sources.

IFO Sourcea Ṅlow yr−1 Ṅre yr−1 Ṅhigh yr−1 Ṅmax yr−1

NS–NS 2 × 10−4 0.02 0.2 0.6
NS–BH 7 × 10−5 0.004 0.1

Initial BH–BH 2 × 10−4 0.007 0.5
IMRI into IMBH <0.001b 0.01c

IMBH-IMBH 10−4 d 10−3 e

NS–NS 0.4 40 400 1000
NS–BH 0.2 10 300

Advanced BH–BH 0.4 20 1000
IMRI into IMBH 10b 300c

IMBH-IMBH 0.1d 1e

a To convert the rates per MWEG in table 2 into detection rates, optimal horizon distances of
33 Mpc/445 Mpc are assumed for NS–NS inspirals in the Initial/Advanced LIGO–Virgo networks. For
NS–BH inspirals, horizon distances of 70 Mpc/927 Mpc are assumed. For BH–BH inspirals, horizon
distances of 161 Mpc/2187 Mpc are assumed. These distances correspond to a choice of 1.4 M⊙ for
NS mass and 10 M⊙ for BH mass. Rates for IMRIs into IMBHs and IMBH–IMBH coalescences are
quoted directly from the relevant papers without conversion. See section 3 for more details.
b Rate taken from the estimate of BH–IMBH IMRI rates quoted in [19] for the scenario of BH–IMBH
binary hardening via three-body interactions; the fraction of globular clusters containing suitable
IMBHs is taken to be 10%, and no interferometer optimizations are assumed.
c Rate taken from the optimistic upper limit rate quoted in [19] with the assumption that all globular
clusters contain suitable IMBHs; for the advanced network rate, the interferometer is assumed to be
optimized for IMRI detections.
d Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming 10% of all
young star clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core
collapse time to form a pair of IMBHs.
e Rate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming all young star
clusters have sufficient mass, a sufficiently high binary fraction, and a short enough core collapse time
to form a pair of IMBHs.

Where posterior probability density functions (PDFs) for rates are available, Rre refers
to the PDF mean, Rlow and Rhigh are the 95% pessimistic and optimistic confidence intervals,
respectively, and Rmax is the upper limit, quoted in the literature based on very basic limits set
by other astrophysical knowledge (see table 1). However, many studies do not evaluate the
rate predictions in that way, and for some speculative sources even estimates of uncertainties
may not be available at present. In these cases, we assign the rate estimates available in the
literature to one of the four categories, as described in detail in section 4. The values in all
tables in this section are rounded to a single significant figure; in some cases, the rounding
may have resulted in somewhat optimistic predictions.
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EM counterparts to BNS mergers
The Astrophysical Journal, 746:48 (15pp), 2012 February 10 Metzger & Berger

with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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“Non-standard” X-ray afterglows:

• Extended Emission
• X-ray plateaus
• X-ray flares
Rowlinson+ 2013, Gompertz+ 2013,2014, Lue+ 2015

(revealed by Swift)

• radioactively powered kilonova (macronova)
Li & Paczynski 1998, Rosswog 2005, Metzger+ 2010, 

Barnes & Kasen 2013, Piran+ 2013, Tanaka & Hotokezaka 2013

• Short gamma-ray bursts (SGRBs)
“Standard” afterglows:

• X-ray
• UV/optical
• radio
Berger 2014, Kumar & Zhang 2015

• Interaction of dynamical ejecta with ISM (radio)
Hotokezaka & Piran 2015
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Non-standard X-ray afterglows of SGRBs246 B. P. Gompertz, P. T. O’Brien and G. A. Wynn

Figure 3. Each row shows details for one burst. Left: black line – model fit; red points – data that have been fitted to; blue points – data not fitted to. Right:
dotted (dashed) line shows the position of the corotation (Alfvén) radius in km against time. Solid line marks the light cylinder radius. Lower dot–dashed line
is the magnetar radius, upper dot–dashed line is the outer disc radius.
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• Swift revealed that a large fraction of SGRBs are 
accompanied by long-duration (~102-105s) and 
high-luminosity (~1046-1051erg/s) X-ray afterglows

• total energy can be higher than that of the SGRB

• unlikely produced by BH-torus system - indicative 
of ongoing energy injection (”long-lived engine”)

challenges BH-torus 
paradigm for SGRBs

Swift
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powers a collimated relativistic jet, which produces a short-duration gamma-
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is restricted to observers with θobs ! θj , the half-opening angle of the jet.
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What is a promising EM counterpart?

bright    isotropic    long lasting    high fraction    smoking gun for BNS

SGRBs

standard afterglows

non-standard X-ray
afterglows

dynamical ejecta, ISM

kilonovae

? ?
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Figure 1. Evolution of the system according to the proposed scenario (with
increasing spatial scale). A BNS merger (top left) forms a differentially ro-
tating NS that emits a baryon-loaded wind (Phase I). The NS eventually set-
tles down to uniform rotation and inflates a pulsar wind nebula (or simply
‘nebula’) that sweeps up all the ejecta material into a thin shell (Phase II).
Spin-down emission from the NS continues while the nebula and the ejecta
shell keep expanding (Phase III).

ally expanding winds is expected to be predominantly ther-
mal, due to the very high optical depths at these early times.
However, because of the high optical depth, radiative energy
loss is still rather inefficient.

As differential rotation is being removed on the timescale
tdr, the NS settles down to uniform rotation. Mass loss is
suppressed and while the ejected matter keeps moving out-
ward the density in the vicinity of the NS is expected to
drop on roughly the same timescale. In the resulting essen-
tially baryon-free environment the NS can set up a pulsar-like

magnetosphere. Via dipole spin-down, the NS starts power-
ing a highly relativistic, Poynting-flux dominated outflow of
charged particles (mainly electrons and positrons; see Sec-
tion 4.2.1) or ‘pulsar wind’ at the expense of rotational en-
ergy. This occurs at a time t = tpul,in and marks the beginning
of Phase II.

The pulsar wind inflates a PWN behind the less rapidly ex-
panding ejecta, a plasma of electrons, positrons and photons
(see Section 4.3.1 for a detailed discussion). As this PWN is
highly overpressured with respect to the confining ejecta en-
velope, it drives a strong hydrodynamical shock into the fluid,
which heats up the material upstream of the shock and moves
radially outward at relativistic speeds, thereby sweeping up all
the material behind the shock front into a thin shell. During
this phase the system is composed of a NS (henceforth “pul-
sar” in Phase II and III) surrounded by an essentially baryon-
free PWN and a layer of confining ejecta material. The prop-
agating shock front separates the ejecta material into an in-
ner shocked part and an outer unshocked part (cf. Figure 1
and 2). While the shock front is moving outward across the
ejecta, the unshocked matter layer still emits thermal radia-
tion with increasing luminosity as the optical depth decreases.
Initially, the expansion of the PWN nebula is highly rela-
tivistic and decelerates to non-relativistic speeds only when
the shock front encounters high-density material in the outer
ejecta layers. The total crossing time for the shock front is
typically �tshock = tshock,out � tpul,in ⌧ tpul,in, where tshock,out
denotes the time when the shock reaches the outer surface. At
this break-out time, a short burst-type non-thermal EM signal
could be emitted that encodes the signature of particle accel-
eration at the shock front.

Phase III starts at t = tshock,out. At this time, the entire ejecta
material has been swept up into a thin shell of thickness �ej
(which we assume to be constant during the following evo-
lution) that moves outward with speed vej (cf. Figure 2). In
general, this speed is higher than the expansion speed of the
baryon-loaded wind in Phase I (vej,in), as during shock prop-
agation kinetic energy is deposited into the shocked ejecta.
Rotational energy is extracted from the pulsar via dipole spin-
down and it is reprocessed in the PWN via various radiative
processes in analogy to pair plasmas in compact sources, such
as active galactic nuclei (see Section 4.3.1 for a detailed dis-
cussion). Radiation escaping from the PWN ionizes the ejecta
material, which thermalizes the radiation due to the optical
depth still being very high. Only at much later times the ejecta
layer eventually becomes transparent to radiation from the
nebula, which gives rise to a transition from predominantly
thermal to non-thermal emission spectra. We note that for
reasons discussed in Section 5.6, the total luminosity of the
system shows the characteristic / t

�2 behavior for dipole
spin-down at late times t � tsd, where tsd is the spin-down
timescale. However, when restricted to individual frequency
bands, the late time behavior of the luminosity can signifi-
cantly differ from a / t

�2 power law.
As the NS is most likely not indefinitely stable against grav-

itational collapse, it might collapse at any time during the evo-
lution outlined above (see Section 4.4). If the NS is supramas-
sive, the collapse is expected to occur within timescales of
the order of ⇠ tsd, for the spin-down timescale represents the
time needed to remove a significant fraction of the rotational
energy from the NS and thus of its rotational support against
collapse. For typical parameters, the collapse occurs in Phase
III. However, if the NS is hypermassive at birth and does not
migrate to a supramassive configuration thereafter, it is ex-

Siegel & Ciolfi 2015b

General Phenomenology for BNS mergers leading 
to a long-lived (>100ms) remnant NS:

Phase I (baryonic wind phase, ~1s):
baryon pollution due to dynamical ejecta,  
neutrino and magnetically driven winds

Phase II (Pulsar ‘ignition’ and pulsar wind shock):

Phase III (Pulsar wind nebula phase):

once baryon pollution suppressed positronic 
pulsar wind drives strong shock through ejecta

swept-up material provides cavity for a pulsar 
wind nebula (PWN) in analogy to CCSNe

• NS can collapse to a BH at any time
• can accommodate standard and time-reversal scenario
• EM emission: reprocessed spin-down energy

ANRV284-AA44-02 ARI 28 July 2006 13:47

SN(e): supernova(e)

1. INTRODUCTION
The Crab Nebula (Figure 1) is almost certainly associated with a supernova explosion
observed in 1054 CE (Stephenson & Green 2002, and references therein). However,
this source differs substantially from what is now seen at the sites of other recent
SNe, in that the Crab Nebula is centrally filled at all wavelengths, whereas sources
such as Tycho’s and Kepler’s supernova remnants show a shell morphology. This and
other simple observations show that the Crab Nebula is anomalous, its energetics
dominated by continuous injection of magnetic fields and relativistic particles from
a central source.

Figure 1
Images of the Crab Nebula (G184.6–5.8). (a) Radio synchrotron emission from the confined
wind, with enhancements along filaments. (b) Optical synchrotron emission (blue-green)
surrounded by emission lines from filaments (red ). (c) Composite image of radio (red ), optical
(green), and X-ray (blue) emission. (d ) X-ray synchrotron emission from jets and wind
downstream of the termination shock, marked by the inner ring. Note the decreasing size of
the synchrotron nebula going from the radio to the X-ray band. Each image is oriented with
north up and east to the left. The scale is indicated by the 2 arcmin scale bar, except for panel
(d ), where the 20 arcsec scale bar applies.
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Figure 1. Evolution of the system according to the proposed scenario (with
increasing spatial scale). A BNS merger (top left) forms a differentially ro-
tating NS that emits a baryon-loaded wind (Phase I). The NS eventually set-
tles down to uniform rotation and inflates a pulsar wind nebula (or simply
‘nebula’) that sweeps up all the ejecta material into a thin shell (Phase II).
Spin-down emission from the NS continues while the nebula and the ejecta
shell keep expanding (Phase III).

ally expanding winds is expected to be predominantly ther-
mal, due to the very high optical depths at these early times.
However, because of the high optical depth, radiative energy
loss is still rather inefficient.

As differential rotation is being removed on the timescale
tdr, the NS settles down to uniform rotation. Mass loss is
suppressed and while the ejected matter keeps moving out-
ward the density in the vicinity of the NS is expected to
drop on roughly the same timescale. In the resulting essen-
tially baryon-free environment the NS can set up a pulsar-like

magnetosphere. Via dipole spin-down, the NS starts power-
ing a highly relativistic, Poynting-flux dominated outflow of
charged particles (mainly electrons and positrons; see Sec-
tion 4.2.1) or ‘pulsar wind’ at the expense of rotational en-
ergy. This occurs at a time t = tpul,in and marks the beginning
of Phase II.

The pulsar wind inflates a PWN behind the less rapidly ex-
panding ejecta, a plasma of electrons, positrons and photons
(see Section 4.3.1 for a detailed discussion). As this PWN is
highly overpressured with respect to the confining ejecta en-
velope, it drives a strong hydrodynamical shock into the fluid,
which heats up the material upstream of the shock and moves
radially outward at relativistic speeds, thereby sweeping up all
the material behind the shock front into a thin shell. During
this phase the system is composed of a NS (henceforth “pul-
sar” in Phase II and III) surrounded by an essentially baryon-
free PWN and a layer of confining ejecta material. The prop-
agating shock front separates the ejecta material into an in-
ner shocked part and an outer unshocked part (cf. Figure 1
and 2). While the shock front is moving outward across the
ejecta, the unshocked matter layer still emits thermal radia-
tion with increasing luminosity as the optical depth decreases.
Initially, the expansion of the PWN nebula is highly rela-
tivistic and decelerates to non-relativistic speeds only when
the shock front encounters high-density material in the outer
ejecta layers. The total crossing time for the shock front is
typically �tshock = tshock,out � tpul,in ⌧ tpul,in, where tshock,out
denotes the time when the shock reaches the outer surface. At
this break-out time, a short burst-type non-thermal EM signal
could be emitted that encodes the signature of particle accel-
eration at the shock front.

Phase III starts at t = tshock,out. At this time, the entire ejecta
material has been swept up into a thin shell of thickness �ej
(which we assume to be constant during the following evo-
lution) that moves outward with speed vej (cf. Figure 2). In
general, this speed is higher than the expansion speed of the
baryon-loaded wind in Phase I (vej,in), as during shock prop-
agation kinetic energy is deposited into the shocked ejecta.
Rotational energy is extracted from the pulsar via dipole spin-
down and it is reprocessed in the PWN via various radiative
processes in analogy to pair plasmas in compact sources, such
as active galactic nuclei (see Section 4.3.1 for a detailed dis-
cussion). Radiation escaping from the PWN ionizes the ejecta
material, which thermalizes the radiation due to the optical
depth still being very high. Only at much later times the ejecta
layer eventually becomes transparent to radiation from the
nebula, which gives rise to a transition from predominantly
thermal to non-thermal emission spectra. We note that for
reasons discussed in Section 5.6, the total luminosity of the
system shows the characteristic / t

�2 behavior for dipole
spin-down at late times t � tsd, where tsd is the spin-down
timescale. However, when restricted to individual frequency
bands, the late time behavior of the luminosity can signifi-
cantly differ from a / t

�2 power law.
As the NS is most likely not indefinitely stable against grav-

itational collapse, it might collapse at any time during the evo-
lution outlined above (see Section 4.4). If the NS is supramas-
sive, the collapse is expected to occur within timescales of
the order of ⇠ tsd, for the spin-down timescale represents the
time needed to remove a significant fraction of the rotational
energy from the NS and thus of its rotational support against
collapse. For typical parameters, the collapse occurs in Phase
III. However, if the NS is hypermassive at birth and does not
migrate to a supramassive configuration thereafter, it is ex-
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Figure 1. Evolution of the system according to the proposed scenario (with
increasing spatial scale). A BNS merger (top left) forms a differentially ro-
tating NS that emits a baryon-loaded wind (Phase I). The NS eventually set-
tles down to uniform rotation and inflates a pulsar wind nebula (or simply
‘nebula’) that sweeps up all the ejecta material into a thin shell (Phase II).
Spin-down emission from the NS continues while the nebula and the ejecta
shell keep expanding (Phase III).

ally expanding winds is expected to be predominantly ther-
mal, due to the very high optical depths at these early times.
However, because of the high optical depth, radiative energy
loss is still rather inefficient.

As differential rotation is being removed on the timescale
tdr, the NS settles down to uniform rotation. Mass loss is
suppressed and while the ejected matter keeps moving out-
ward the density in the vicinity of the NS is expected to
drop on roughly the same timescale. In the resulting essen-
tially baryon-free environment the NS can set up a pulsar-like

magnetosphere. Via dipole spin-down, the NS starts power-
ing a highly relativistic, Poynting-flux dominated outflow of
charged particles (mainly electrons and positrons; see Sec-
tion 4.2.1) or ‘pulsar wind’ at the expense of rotational en-
ergy. This occurs at a time t = tpul,in and marks the beginning
of Phase II.

The pulsar wind inflates a PWN behind the less rapidly ex-
panding ejecta, a plasma of electrons, positrons and photons
(see Section 4.3.1 for a detailed discussion). As this PWN is
highly overpressured with respect to the confining ejecta en-
velope, it drives a strong hydrodynamical shock into the fluid,
which heats up the material upstream of the shock and moves
radially outward at relativistic speeds, thereby sweeping up all
the material behind the shock front into a thin shell. During
this phase the system is composed of a NS (henceforth “pul-
sar” in Phase II and III) surrounded by an essentially baryon-
free PWN and a layer of confining ejecta material. The prop-
agating shock front separates the ejecta material into an in-
ner shocked part and an outer unshocked part (cf. Figure 1
and 2). While the shock front is moving outward across the
ejecta, the unshocked matter layer still emits thermal radia-
tion with increasing luminosity as the optical depth decreases.
Initially, the expansion of the PWN nebula is highly rela-
tivistic and decelerates to non-relativistic speeds only when
the shock front encounters high-density material in the outer
ejecta layers. The total crossing time for the shock front is
typically �tshock = tshock,out � tpul,in ⌧ tpul,in, where tshock,out
denotes the time when the shock reaches the outer surface. At
this break-out time, a short burst-type non-thermal EM signal
could be emitted that encodes the signature of particle accel-
eration at the shock front.

Phase III starts at t = tshock,out. At this time, the entire ejecta
material has been swept up into a thin shell of thickness �ej
(which we assume to be constant during the following evo-
lution) that moves outward with speed vej (cf. Figure 2). In
general, this speed is higher than the expansion speed of the
baryon-loaded wind in Phase I (vej,in), as during shock prop-
agation kinetic energy is deposited into the shocked ejecta.
Rotational energy is extracted from the pulsar via dipole spin-
down and it is reprocessed in the PWN via various radiative
processes in analogy to pair plasmas in compact sources, such
as active galactic nuclei (see Section 4.3.1 for a detailed dis-
cussion). Radiation escaping from the PWN ionizes the ejecta
material, which thermalizes the radiation due to the optical
depth still being very high. Only at much later times the ejecta
layer eventually becomes transparent to radiation from the
nebula, which gives rise to a transition from predominantly
thermal to non-thermal emission spectra. We note that for
reasons discussed in Section 5.6, the total luminosity of the
system shows the characteristic / t

�2 behavior for dipole
spin-down at late times t � tsd, where tsd is the spin-down
timescale. However, when restricted to individual frequency
bands, the late time behavior of the luminosity can signifi-
cantly differ from a / t

�2 power law.
As the NS is most likely not indefinitely stable against grav-

itational collapse, it might collapse at any time during the evo-
lution outlined above (see Section 4.4). If the NS is supramas-
sive, the collapse is expected to occur within timescales of
the order of ⇠ tsd, for the spin-down timescale represents the
time needed to remove a significant fraction of the rotational
energy from the NS and thus of its rotational support against
collapse. For typical parameters, the collapse occurs in Phase
III. However, if the NS is hypermassive at birth and does not
migrate to a supramassive configuration thereafter, it is ex-

thermal emission
Pulsar wind nebula:

complicated radiative interactions,
non-thermal photon and particle spectra

gas of electrons, positrons, photons

• synchrotron cooling and self-absorption

• (inverse) Compton scattering

• Thomson scattering

• pair production and annihilation

• Photon escape

Coupled set of integro-differential equations to be solved at every time step

Photon balance equation:

0 = ṅ0 + ṅA + ṅNT
C + ṅT

C + ṅsyn � c

Rn
n(�⌧NT

C +�⌧��)� ṅesc

Particle balance equation:

0 = Q(�) + P (�) + ṄC,syn(�)
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EM counterparts from BNS merger remnants

Short gamma-ray bursts in the “time-reversal” scenario

Fig.: Reconstructed X-ray afterglow lightcurves (0.3-10 keV) for standard scenario (SGRB at merger)

Siegel & Ciolfi 2015c

• delayed onset of strong X-ray radiation ~1-10s after merger (high optical depth at early times)

• bright, isotropic, long-lasting X-ray signal peaking at ~102-104s after merger (L~1046-1048erg s-1)

smoking gun for BNS merger event  timescale well suited for EM follow up of GW event

X-ray signal represents ideal EM counterpart

7/10EM emission from long-lived BNS merger remnantsDaniel Siegel (AEI, CAL)
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What is a promising EM counterpart?

bright    isotropic    long lasting    high fraction    smoking gun for BNS

SGRBs

standard afterglows

non-standard X-ray
afterglows

dynamical ejecta, ISM

kilonovae

! !

according to the model: non-standard X-ray afterglows represent ideal EM counterpart
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In the time-reversal scenario…
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Fig.: Reconstructed X-ray afterglow lightcurves (0.3-10 keV) for time-reversal scenario (SGRB at collapse of NS)

• two-plateau structures, late-time flares

Siegel & Ciolfi 2015c

diffusion through ejecta envelope

cooling of nebula

nebula break out

EM emission from long-lived BNS merger remnantsDaniel Siegel (AEI, CAL)

1st plateau:

~102s

LX ~ 1046–1048 erg/s

2nd plateau:

~103–104 s

LX ~ 1044–1046 erg/s

Ciolfi & Siegel 2015a
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Fig.: Reconstructed X-ray afterglow lightcurves (0.3-10 keV) 
for time-reversal scenario (SGRB at collapse of NS)

Siegel & Ciolfi 2015c

diffusion through ejecta envelope
(“extended emission”)

cooling of nebula
(“X-ray plateau”)

nebula break out
(“X-ray flare”)

246 B. P. Gompertz, P. T. O’Brien and G. A. Wynn

Figure 3. Each row shows details for one burst. Left: black line – model fit; red points – data that have been fitted to; blue points – data not fitted to. Right:
dotted (dashed) line shows the position of the corotation (Alfvén) radius in km against time. Solid line marks the light cylinder radius. Lower dot–dashed line
is the magnetar radius, upper dot–dashed line is the outer disc radius.
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• two-plateau structures, late-time flares

• Luminosity levels and time-scales for two-plateau structures are in 
agreement with SGRBs showing extended emission and X-ray plateaus

natural explanation for combined phenomenology of Swift X-ray lightcurves

Ciolfi & Siegel 2015a



Conclusions

Short gamma-ray bursts in the “time-reversal” scenario

• Proposed phenomenology and detailed numerical  
model for a large fraction of BNS mergers

general model to compute broad band EM emission 
(radio to gamma rays) from post-merger system
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Figure 1. Evolution of the system according to the proposed scenario (with
increasing spatial scale). A BNS merger (top left) forms a differentially ro-
tating NS that emits a baryon-loaded wind (Phase I). The NS eventually set-
tles down to uniform rotation and inflates a pulsar wind nebula (or simply
‘nebula’) that sweeps up all the ejecta material into a thin shell (Phase II).
Spin-down emission from the NS continues while the nebula and the ejecta
shell keep expanding (Phase III).

ally expanding winds is expected to be predominantly ther-
mal, due to the very high optical depths at these early times.
However, because of the high optical depth, radiative energy
loss is still rather inefficient.

As differential rotation is being removed on the timescale
tdr, the NS settles down to uniform rotation. Mass loss is
suppressed and while the ejected matter keeps moving out-
ward the density in the vicinity of the NS is expected to
drop on roughly the same timescale. In the resulting essen-
tially baryon-free environment the NS can set up a pulsar-like

magnetosphere. Via dipole spin-down, the NS starts power-
ing a highly relativistic, Poynting-flux dominated outflow of
charged particles (mainly electrons and positrons; see Sec-
tion 4.2.1) or ‘pulsar wind’ at the expense of rotational en-
ergy. This occurs at a time t = tpul,in and marks the beginning
of Phase II.

The pulsar wind inflates a PWN behind the less rapidly ex-
panding ejecta, a plasma of electrons, positrons and photons
(see Section 4.3.1 for a detailed discussion). As this PWN is
highly overpressured with respect to the confining ejecta en-
velope, it drives a strong hydrodynamical shock into the fluid,
which heats up the material upstream of the shock and moves
radially outward at relativistic speeds, thereby sweeping up all
the material behind the shock front into a thin shell. During
this phase the system is composed of a NS (henceforth “pul-
sar” in Phase II and III) surrounded by an essentially baryon-
free PWN and a layer of confining ejecta material. The prop-
agating shock front separates the ejecta material into an in-
ner shocked part and an outer unshocked part (cf. Figure 1
and 2). While the shock front is moving outward across the
ejecta, the unshocked matter layer still emits thermal radia-
tion with increasing luminosity as the optical depth decreases.
Initially, the expansion of the PWN nebula is highly rela-
tivistic and decelerates to non-relativistic speeds only when
the shock front encounters high-density material in the outer
ejecta layers. The total crossing time for the shock front is
typically �tshock = tshock,out � tpul,in ⌧ tpul,in, where tshock,out
denotes the time when the shock reaches the outer surface. At
this break-out time, a short burst-type non-thermal EM signal
could be emitted that encodes the signature of particle accel-
eration at the shock front.

Phase III starts at t = tshock,out. At this time, the entire ejecta
material has been swept up into a thin shell of thickness �ej
(which we assume to be constant during the following evo-
lution) that moves outward with speed vej (cf. Figure 2). In
general, this speed is higher than the expansion speed of the
baryon-loaded wind in Phase I (vej,in), as during shock prop-
agation kinetic energy is deposited into the shocked ejecta.
Rotational energy is extracted from the pulsar via dipole spin-
down and it is reprocessed in the PWN via various radiative
processes in analogy to pair plasmas in compact sources, such
as active galactic nuclei (see Section 4.3.1 for a detailed dis-
cussion). Radiation escaping from the PWN ionizes the ejecta
material, which thermalizes the radiation due to the optical
depth still being very high. Only at much later times the ejecta
layer eventually becomes transparent to radiation from the
nebula, which gives rise to a transition from predominantly
thermal to non-thermal emission spectra. We note that for
reasons discussed in Section 5.6, the total luminosity of the
system shows the characteristic / t

�2 behavior for dipole
spin-down at late times t � tsd, where tsd is the spin-down
timescale. However, when restricted to individual frequency
bands, the late time behavior of the luminosity can signifi-
cantly differ from a / t

�2 power law.
As the NS is most likely not indefinitely stable against grav-

itational collapse, it might collapse at any time during the evo-
lution outlined above (see Section 4.4). If the NS is supramas-
sive, the collapse is expected to occur within timescales of
the order of ⇠ tsd, for the spin-down timescale represents the
time needed to remove a significant fraction of the rotational
energy from the NS and thus of its rotational support against
collapse. For typical parameters, the collapse occurs in Phase
III. However, if the NS is hypermassive at birth and does not
migrate to a supramassive configuration thereafter, it is ex-

bridges the gap between numerical relativity simulations 
and the observational timescales of afterglows

reveals a promising counterpart for GW astronomy

combined with time-reversal scenario yields natural 
explanation for X-ray afterglows of SGRBs in a common 
phenomenology

makes very specific predictions that can be tested 
observationally
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