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LIGO:  NS mergers
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LIGO will probe deeply into the predicted NS merger rate distributions by 
2018 (O3)

Fig.: Sensitivity of LIGO to BNS mergers (left) and sensitivity vs. predicted NS merger rates (right)

exciting discoveries expected soon

Prospects for Observing and Localizing GW Transients with aLIGO and AdV 7

BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in
Figure 1.
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The binary
neutron-star (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec. Current notions of the progression of sensitivity are given for early, mid and late commissioning
phases, as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current estimates.

The commissioning of aLIGO is well under way. The original plan called for three identical
4-km interferometers, two at Hanford (H1 and H2) and one at Livingston (L1). In 2011, the LIGO
Lab and IndIGO consortium in India proposed installing one of the aLIGO Hanford detectors (H2)
at a new observatory in India (LIGO-India) [64]. As of early 2015, LIGO Laboratory has placed
the H2 interferometer in long-term storage for possible use in India. Funding for the Indian portion
of LIGO-India is in the final stages of consideration by the Indian government.

Advanced LIGO detectors began taking sensitive data in August 2015 in preparation for the
first observing run. O1 formally began 18 September 2015 and ended 12 January 2016. It involved
the H1 and L1 detectors; the detectors were not at full design sensitivity. We aimed for a BNS
range of 40 – 80 Mpc for both instruments (see Figure 1), and both instruments were running with a
60 – 80 Mpc range. Subsequent observing runs will have increasing duration and sensitivity. We aim
for a BNS range of 80 – 170 Mpc over 2016 – 2018, with observing runs of several months. Assuming
that no unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
200 Mpc BNS range circa 2019. After the first observing runs, circa 2020, it might be desirable to
optimize the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS
range may then become 215 Mpc. The sensitivity for each of these stages is shown in Figure 1.

As a consequence of the planning for the installation of one of the LIGO detectors in India, the
installation of the H2 detector has been deferred. This detector will be reconfigured to be identical
to H1 and L1 and will be installed in India once the LIGO-India Observatory is complete. The final
schedule will be adopted once final funding approvals are granted. If project approval comes soon,
site development could start in 2016, with installation of the detector beginning in 2020. Following
this scenario, the first observing runs could come circa 2022, and design sensitivity at the same
level as the H1 and L1 detectors is anticipated for no earlier than 2024.

The time-line for the AdV interferometer (V1) [23] is still being defined, but it is anticipated
that in 2016 AdV will join the aLIGO detectors in their second observing run (O2). Following an
early step with sensitivity corresponding to a BNS range of 20 – 60 Mpc, commissioning is expected
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) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.
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Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short
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Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M

�

and the
light blue region assumes a NSBH population with masses
10–1.4 M

�

. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M

�

NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M

�

–1.4M
�

NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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.

2

EM 
transients
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2

FIG. 1. Simulations of BNS and GWs. Top: real part and amplitude of the GW mode Rh22/(⌫M) and the associated
dimensionless frequency M!22 versus the mass-normalized retarded time t/M for a fiducial configuration, H4-135135. The
signal is shifted to the moment of merger, tmrg, defined by the amplitude’s peak (end of chirping). Also shown is (twice) the
dynamical frequency M⌦ = @Eb/@j ⇠ M!22/2. Bottom: Snapshots of log10 ⇢ on the orbital plane, during the late inspiral
(left), at simulation time corresponding to tmrg (middle), during the postmerger (right).

ered here are listed in Table I. In the following we sum-
marize the main features of the GW radiation obtained
by BNS simulations.

We consider equal and unequal masses configurations,
di↵erent total masses, and a large variation of zero-
temperature EOSs parametrized by piecewise polytropic
fits [34]. Thermal e↵ects are simulated with an additive
thermal contribution in the pressure in a �-law form,
Pth = (�th � 1)⇢✏, where �th = 1.75, ⇢ is the rest-mass
density and ✏ the specific internal energy of the fluid,
see [32, 35, 36]. The initial configurations are prepared
in quasicircular orbits assuming the fluid is irrotational.

Initial data are evolved for several orbits, during
merger and in the postmerger phase for & 30 millisec-
onds. A detailed discussion of the merger properties de-
termined by di↵erent EOSs, mass, and mass-ratio is pre-
sented in [16, 26]. The binary configurations in our sam-
ple do not promptly collapse to a black hole after merger,
but form either a stable massive neutron star (MNS) or
an unstable hypermassive neutron star (HMNS), which
collapses on a dynamical timescale ⌧GW . hRi4/hMi3 ⇡

200 ms [37]. Both HMNS and MNS remnants at for-
mation are hot, di↵erentially rotating, nonaxisymmetric,
highly dynamical two-cores structures, e.g. [35, 38].

The typical GW signal computed in our simulations
is shown in Fig. 1 for a fiducial configuration. We
plot the real part and amplitude of the dominant ` =
m = 2 multipole of the s = �2 spin-weighted spheri-
cal harmonics decomposition of the GW, R(h+ � ih⇥) =P

`m Rh`m �2Y`m(✓,�), versus the retarded time, t. The
figure’s main panel also shows the ` = m = 2 instanta-
neous and dimensionless GW frequency M!22 = Md�/dt
where � = �arg(Rh22). The bottom panels show snap-
shots of log10 ⇢ on the orbital plane, corresponding to
three representative simulations times.

The waveform at early times is characterized by the
well-known chirping signal; frequency and amplitude
monotonically increase in time. The GW frequency
reaches typical values !GW = 2⇡fGW ⇡ !22 . 0.1 �
0.2/M , i.e. fGW ⇠ 0.8 � 1.6 kHz for a M = 2.7M� bi-
nary. The chirping signal ends at the amplitude peak,
max |Rh22|, which is marked in the figure by the middle

Bernuzzi+ 2015
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• post-merger NS frequency peak f2 (fpeak) correlates with EOS
Bauswein & Janka 2012 Hotokezaka+ 2013, Takami+ 2014

• tidal deformability (imprinted in the inspiral GW signal) 
correlates with f2 (fpeak) Bernuzzi+ 2015

independent of EOS, binary parameters, thermal effects
Bernuzzi+ 2015

Ciolfi+ 2017independent of magnetic fields
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FIG. 3. Mf2 dimensionless frequency as a function of the tidal coupling constant T
2 . Each panel shows the same dataset; the

color code in each panel indicates the di↵erent values of binary mass (top left), EOS (top right), mass-ratio (bottom left), and
�th (bottom right). The black solid line is our fit (see Eq. (2) and Table II); the grey area marks the 95% confidence interval.

A,B
(`) , where A, B label the stars in the binary [1, 11].

The leading-order contribution to AT (r) is proportional
to the quadrupolar (` = 2) coupling constants, A

2 =
2kA

2 (XA/CA)5 MB/MA where MA is the mass of star A,
CA the compactness, XA = MA/M , and kA

2 the ` = 2
dimensionless Love number [40–43]. The total ` = 2 cou-
pling constant is defined as T

2 = A
2 + B

2 , and can be
written as

T
2 = 2

✓
q4

(1 + q)5
kA
2

C5
A

+
q

(1 + q)5
kB
2

C5
B

◆
, (1)

assuming q = MA/MB � 1. The leading-order term of
the tidal potential is simply AT (r) = �T

2 r�6.
A consequence of the latter expression for AT (r) is

that the merger dynamics is essentially determined by
the value of T

2 [16]. All the dynamical quantities develop
a nontrivial dependence on T

2 as the binary interaction
becomes tidally dominated. The characterization of the
merger dynamics via T

2 is “universal” in the sense that
it does not require any other parameter such as EOS, M ,
and q. (There is, however, a dependency on the stars
spins.) For example, at the reference point tmrg, the cor-
responding binary reduced binding energy Emrg

b , the re-
duced angular momentum jmrg, and the GW frequency

M!mrg
22 can be fitted to simple rational polynomials [16]

Q(T
2 ) = Q0

1 + n1
T
2 + n2(T

2 )2

1 + d1T
2

, (2)

with fit coe�cients (ni, di) given in Table II.
In view of these results, it appears natural to investi-

gate the depedency of the postmerger spectrum on T
2 .

Our main result is summarized in Fig. 3, which shows
the postmerger main peak dimensionless frequency Mf2

as a function of T
2 for a very large sample of bina-

ries. Together with our data we include those tabu-
lated in [19, 24]. The complete dataset spans the ranges
M 2 [2.45M�, 2.9M�], q 2 [1.0, 1.5], and a large varia-
tion of EOSs. The peak location is typically determined
within an accuracy of �f ⇠ ±0.2 kHz, see also [18]. Each
of the four panels of Fig. 3 shows the same data; the color
code in each panel indicates di↵erent values of M (top
left), EOS (top right), q (bottom left), and �th (bottom
right). The data correlate rather well with T

2 . As indi-
cated by the colors and di↵erent panels, the scattering of
the data does not correlate with variations of M , EOS, q,
�th. The black solid line is our best fit to Eq. (2), where
we set n2 = 0 and fit also for Q0, see Table II. The fit
95% confidence interval is shown as a gray shaded area
in Fig. 3.
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In addition, Fig. 9 provides fthrespeak, estimated with the
extrapolation of GW data measured in low-mass NS binary
mergers. Again, we employ a linear fit to the (actual)
simulation data (crosses) and convert the extrapolated
values for fthrespeak to an estimate for ec;max. The function
fitting the data is given by

ec;max ¼ 1.166 · fthrespeak − 1.668ð#0.2Þ: ð7Þ

Here, ec;max is given in 1015 g=cm2, while frequencies are
measured in kHz.
In Table I, the estimated central energy densities are

compared with the actual ones. The estimated values and
the actual values agree within 7% (except for the NL3 EoS,
which deviates by 11%). By using fit formulas that embrace
the numerical data [shifting the fit in Eq. (7) by #0.2 kHz],
one can define upper and lower limits for the given set
of EoSs.
We point out that the relation between ec;max and fthres

can be used to deduce a strict upper limit on the maximum
mass. It has been shown that causality requires

Mmax ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.358 × 1016 g=cm2=ec;max

q
M⊙; ð8Þ

which was derived in Ref. [85] considering the causal-limit
EoS of Ref. [84]. An estimate of fthrespeak by our extrapolation
procedure thus provides a proxy for ec;max and an upper

bound onMmax via Eq. (8). Table II shows that, in particular
for stiff EoSs with highMmax, the estimated limits represent
strong constraints, which are only a few percent above the
actual value. The importance of these limits lies in the fact
that they are independent of the empirical relation con-
necting the threshold mass and TOV properties [Eq. (4)] but
instead rely only on an estimate of fthrespeak and the relation
shown in Fig. 9.
Estimates for the central rest-mass density can be

obtained by the fit

ρc;max ¼ 0.828 · fthrespeak − 1.130ð#0.1Þ; ð9Þ

with the same units for quantities as in Eq. (7). The fit is
based on the data shown in Fig. 10. The maximum
deviation of the estimated central rest-mass density from
its actual value is below 5% (expect for the NL3 EoS,
which shows a deviation of 14%) (see Table I). In
parentheses, we provide the modifications to Eq. (9) for
obtaining upper and lower limits on the central rest-mass
density, using the extrapolation method.
It is important to note that the relation between fthrespeak and

Mthres means that Rmax or the maximum central density also
relates to Mthres. This is illustrated in Fig. 11 for the rest-
mass density (the corresponding plot for the energy density
is very similar). The relation implies that not only Rmax but
also ρc;max can be estimated or constrained from any
determination or limit on Mthres. This is important because
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FIG. 8. Dominant GW frequency fthrespeak of the most massive NS
merger remnant as a function of the radius Rmax of the maximum-
mass configuration of cold, nonrotating NSs for different EoSs
(crosses). The diagonal solid line is a fit to RmaxðfthrespeakÞ. Circles
denote the estimated values for fthrespeak, estimated entirely from GW
information from low-mass NS binary mergers. The estimated
values for Rmax can be inferred by projecting horizontally, i.e.,
following the short lines to the diagonal line representing the fit to
the numerical data (crosses).
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FIG. 9. Dominant GW frequency fthrespeak of the most massive NS
merger remnant as a function of the maximum central energy
density ec;max of the maximum-mass configuration of nonrotating
NSs for different EoSs (crosses). The diagonal solid line is a fit to
ec;maxðfthrespeakÞ. Circles denote the estimated values for fthrespeak,
extrapolated entirely from GW information from low-mass NS
binary mergers. The estimated values for ec;max can be inferred by
projecting horizontally, i.e., following the short lines to the
diagonal line representing the fit to the numerical data (crosses).
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The effect of the magnetic field on GW strain and phase
velocity is shown in Fig. 26 for the equal-mass APR4
model. We find very little difference in this case. Note
that the impact for a remnant closer to collapse could be
larger since near the threshold for BH formation the
system tends to be very sensitive to small changes. In
particular, the lifetime of the remnant could be altered
significantly.
The Fourier spectra of the GW signals are shown in

Figs. 27–29, each comparing the equal- and unequal-mass
models for one EOS. The main peak caused by the post-
merger phase shows only minor changes for different mass
ratios, compared to the width of the peak. The impact of the
EOS exceeds by far that of the mass ratio, at least in
the range q ¼ 0.9 to 1. We note that a small influence of the
mass ratio makes it easier to constrain the EOS from the
post-merger frequency. Correlations between EOS, initial
NS properties, and post-merger frequencies have been
studied by different groups, e.g. [60,121,122], for a large
number of models.
In all cases, the post-merger peak as well as the inspiral

contribution are above the (design) sensitivity curves of the
advanced LIGO and Virgo detectors. Nevertheless, the
corresponding signal-to-noise ratio (SNR) is likely insuffi-
cient for a confident detection of the post-merger signal at
100 Mpc distance. Of the three EOS, the APR4 EOS leads
to the post-merger signal with the smallest SNR. Although
the H4 models emit the strongest post-merger signals (see
discussion above), their frequency is also higher, such that
the MS1 and H4 cases result in comparable SNRs.
The dominant frequency of the post-merger phase for

each model is given in Table II. We report both the location
fpm of the maximum in the Fourier spectrum as well as a
measure defined in [123] using the instantaneous frequency
f to compute

f10 ¼
!Z

jhðtÞjdt
"−1 Z

fðtÞjhðtÞjdt; ð3Þ

where the time integrals are carried out over the first 10 ms
after merger. Interestingly, the GW frequency in the post-
merger phase is approximately twice the maximum rotation
rate inside the remnant (compare 2νmax and fpm in Table II,
as well as Fig. 15). As was already observed in [33,56–59],
the maximum rotation rate is apparently limited by the
angular velocity of the m ¼ 2 density deformation, which

FIG. 26. Comparison of gravitational wave strain ℜðhaÞ (top
panel) and jump-corrected phase velocity (bottom panel), be-
tween the magnetized APR4 equal-mass model and the corre-
sponding nonmagnetized model.

FIG. 27. Power spectrum of the gravitational wave strain at
100Mpc for the APR4 models, compared to the sensitivity curves
of current and planned gravitational wave detectors.

FIG. 28. Like Fig. 27, but for the MS1 models.

FIG. 29. Like Fig. 27, but for the H4 models. Note the
differences in the high-frequency part are simply due to the fact
that the unequal-mass case was not evolved long enough to obtain
the part of the signal corresponding to the collapse to a black hole.

GENERAL RELATIVISTIC MAGNETOHYDRODYNAMIC … PHYSICAL REVIEW D 95, 063016 (2017)
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combine correlations to infer EOS

ALF2 and H4 EOSs have crossings (or “near crossings”)
between the equilibrium-models curves and the frequency-
correlations curves. Realistically, the uncertainties in the
measurement of f1;2 (including the experimental ones)
will make the correlation curves M̄ ¼ M̄ðR̄; f1Þ and M̄ ¼
M̄ðR̄; f2;EOSÞ appear as “bands” with probability distri-
butions rather than thin lines; the crossing will be harder to
judge and will require a complete Bayesian probability
analysis (see, e.g., Ref. [31]), which is beyond the scope
of this Letter; hence, by near crossings we here mean the
overlap of different curves in a small region of the
ðM̄; R̄Þ plane.
Fortunately, the uncertainty can be removed if the mass

of the binary is known from the inspiral signal. In this case,
in fact, there will be a horizontal line in the (M̄, R̄) plane
that will break the degeneracy imposing four simultaneous
constraints. This is shown with the horizontal light-blue
line, which clearly intersects the three curves relative to
the ALF2 EOS at one point only (green solid circle).
Also in this case, the horizontal line should in reality be
replaced by a band with a probability distribution, but
from Fig. 2 it is already possible to conclude that the mass
needs to be determined with a relative precision that
is ≲10%.
Despite the simplifying assumptions, this method shows

that even a single detection of a GW signal with high SNR
and from which the mass of the binary can be calculated
would be sufficient to set tight constraints on the EOS.
This approach works well for all of the binaries considered
and an additional example is offered by the right panel of
Fig. 3, which reproduces a similar construction for the
APR4 EOS. Clearly, also in this case four different curves
cross essentially at one point.

Of course this method can work as long as there is a
sufficient number of detections and the uncertainties in the
measure of the frequencies are small. Using the postmerger
signal and fixing a realistic SNR ¼ 5, different EOSs
and optimally oriented binaries yield a detection horizon
of ∼20 − 40 Mpc, which reduces to ∼14 − 28 Mpc
for randomly oriented sources. In turn, the latter yields
an event rate of ∼0.01–0.1 yr−1, which could increase to
∼0.1–1 yr−1 for the optimistic estimate of Ref. [4]. We note
that if we assume SNR ¼ 2 as in Ref. [11], then our
expected event rate is larger by a factor of ð5=2Þ3 ≃ 16.
Following Refs. [38] and [13], we have used the Fisher
information matrix to estimate the uncertainties in the
determination of the peak frequencies when a GW detec-
tion is made. In particular, for sources with optimal
orientation at 50 Mpc, the uncertainties for adjacent models
are in the range ∼1 − 100 Hz, with the upper value being
smaller than the one reported in Ref. [11], where distances
of 20 Mpc were considered.
A few additional remarks will be given before conclud-

ing. First, even if the measurement of the mass is not
available from the inspiral, the possible degeneracies
mentioned above could be removed with a few positive
detections, which would tend to favor one EOS over the
others. Second, if only the f2 frequency is measurable,
the approach discussed above can still be used as long
as the mass is known; in this case three and not four curves
will have to cross at one point. Third, most of our
simulations refer to equal-mass binaries, but we expect
that f1;2 will not be very sensitive to the initial mass ratio;
this was already shown by Refs. [11,14] and is confirmed
by the two unequal-mass binaries simulated. Fourth,
realistic values of the spins should not influence the

FIG. 3 (color online). Examples of use of the spectral features to constrain the EOS. Once a detection is made, the relations
M̄ ¼ M̄ðR̄; f1Þ and M̄ ¼ M̄ðR̄; f2;EOSÞ (colored solid lines) will cross at one point the curves of equilibrium configurations (colored
dashed lines). Knowledge of the mass of the system (horizontal line) will provide a fourth constraint, removing possible degeneracies.
The left and right panels refer to the ALF2 and APR4 EOSs, but all other EOSs behave in the same way.
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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.

2

EM 
transients
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EM follow-up across the EM spectrum

Swift

Fermi

X-rays

gamma rays
INTEGRAL

optical

Pan-STARRS

VISTA

NIR

radio

LOFAR

LIGO Hanford
LIGO Livingston

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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EM counterparts to NS-NS and BH-NS 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.

BH
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j
Tidal Tail & Disk Wind

Ejecta ISM Shock

Merger Ejecta 

v ~ 0.1 0.3 c

Optical (hours days)

Kilonova
Optical (t ~ 1 day)

Jet ISM Shock (Afterglow)

GRB
(t ~ 0.1 1 s)

Radio (weeks years)
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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.

2

Metzger & Berger 2012

“Non-standard” X-ray afterglows:
• Extended Emission
• X-ray plateaus
• X-ray flares

Rowlinson+ 2013
Gompertz+ 2013,2014
Lue+ 2015

• magnetar-powered transients

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

Daniel Siegel

• “Thermal” transients

• kilonovae/macronovae (radioactively powered)

Siegel & Ciolfi 2016a,b, Metzger+2014, Yu+2013

8/19Neutron star mergers and multi-messenger astronomy



stellar center the same as in the P case. In contrast to BHNS
systems, we find that interior-only initial B-fields also lead to
jet formation in NSNSs. Throughout this work, geometrized
units (G = c = 1) are adopted unless otherwise specified.

2. METHODS

We use the Illinois GRMHD code, which is built on the
Cactus6 infrastructure and uses the Carpet7 code for
adaptive mesh refinement. We use the AHFinderDirect
thorn (Thornburg 2004) to locate apparent horizons. This code
has been thoroughly tested and used in the past in different
scenarios involving magnetized compact binaries (see, e.g.,
Etienne et al. 2008, 2012b; Liu et al. 2008; Gold et al. 2014a,
2014b). For implementation details, see Etienne et al.
(2010, 2012a) and Farris et al. (2012).

In all simulations we use seven levels of refinement with two
sets of nested refinement boxes (one for each NS) differing in
size and resolution by factors of two. The finest box around
each NS has a half-side length of ~ R1.3 NS, where RNS is the
initial NS radius. For the I model, we run simulations at two
different resolutions: a “normal” resolution (model IN), in
which the finest refinement level has grid spacing 0.05
M = 227(MNS/1.625Me)m, and a “high” resolution (model
IH), in which the finest level has spacing 0.03 M = 152(MNS/
1.625Me) m. For the P model, we always use the high
resolution. These choices resolve the initial NS equatorial
diameter by ∼120 and ∼180 points, respectively. In terms of
grid points per NS diameter, our high resolution is close to the
medium resolution used in Kiuchi et al. (2014), which covered
the initial stellar diameters by ∼205 points. We set the outer
boundary at ( ):»M M M245 1088 1.625NS km and impose
reflection symmetry across the orbital plane.

The quasi-equilibrium NSNS initial data were generated
with the LORENE libraries.8 Specifically, we use the n= 1,
irrotational case listed in Taniguchi & Gourgoulhon (2002),
Table III, =M R 0.14 versus 0.14, row 3, for which the rest

mass of each NS is ( ):M k1.625 269.6 km2 1 2, with k the
polytropic constant. This same case was used in Rezzolla et al.
(2011). As in PRS we evolve the initial data up to the final two
orbits prior to merger ( =t tB), at which point each NS is seeded
with a dynamically unimportant B-field following one of two
prescriptions:
(1) The P case (Figure 1, upper left), for which we use a dipole

B-field corresponding to Equation (2) in Paschalidis et al. (2013).
We choose the parameters I0 and r0 such that the magnetic-to-
gas-pressure ratio at the stellar center is b =- 0.0031251 . The
resulting B-field strength at the NS pole measured by a normal
observer is ( )� :´B M M1.75 10 1.625pole

15
NS G. While this

B-field is astrophysically large, we choose it so that following
merger, the rms value of the field strength in the hypermassive
neutron star (HMNS) remnant is close to the values found in
recent very-high-resolution simulations (Kiuchi et al. 2015)
which showed that the Kelvin–Helmholtz instability (KHI)
during merger can boost the rms B-field to 1015.5 G with local
values reaching even 1017 G. Our choice of the B-field strength
thus provides an “existence proof” for jet launching following
NSNS mergers with the finite computational resources at our
disposal. To capture the evolution of the exterior B-field in this
case and simultaneously mimic force-free conditions that likely
characterize the exterior, we follow PRS and set a variable-
density atmosphere at t = tB such that the exterior plasma
parameter βext = 0.01. This variable-density prescription,
imposed at t = tB only, is expected to have no impact on the
outcome (cf. PRS). With our choice of βext, the amount of total
rest mass does not increase by more than ∼0.5%.
(2) The I case, which also uses a dipole field but confines it

to the interior. We generate the vector potential through
Equations (11), (12) in Etienne et al. (2012a), choosing Pcut to
be 1% of the maximum pressure, nb = 2, and Ab such that the
strength of the B-field at the stellar center coincides with that in
the P case. Unlike the P case, a variable-density atmosphere is
not necessary, so we use a standard constant-density atmo-
sphere with rest-mass density 10−10ρ0,max, where ρ0,max is the
initial maximum value of the rest-mass density.
In both the P and I cases, the magnetic dipole moments are

aligned with the orbital angular momentum. During the

Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value ρ0,max = 5.9 × 1014 ( ):
-M M1.625 g cmNS

2 3 (log scale) at selected times for
the P case. The arrows indicate plasma velocities, and the white lines show the B-field structure. The bottom middle and right panels highlight the system after an
incipient jet is launched. Here ( ):= ´ -M M M1.47 10 1.6252

NS ms = ( ):M M4.43 1.625NS km.

6 http://www.cactuscode.org
7 http://www.carpetcode.org
8 http://www.lorene.obspm.fr
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Figure 2 plots the magnetic-field energy as a function
of time for H4B15 runs, H4B14d70, and H4B16d70. Soon
after the onset of the merger, the magnetic-field energy is
steeply amplified because the KH vortices develop in

the shear layer. The growth rate is higher for the higher-
resolution runs, because the growth rate of the KH
instability is proportional to the wave number and hence
the smaller-scale vortices have the larger growth rate. We
analyze the maximum magnetic-field strength and plot the
amplification factor in the merger as a function of Δx7 in
the lower panel of Fig. 2. This clearly shows that the
amplification factor depends on the grid resolution but not
on the initial magnetic-field strength. This is consistent
with the amplification mechanism due to the KH vortices
and qualitatively consistent with the local shearing-box
simulation in Ref. [22]. The magnetic-field energy at
t − tmrg ≈ 5 ms in the high-resolution run is 40–50 times
as large as that of the low-resolution run.
In the HMNS stage, the magnetic-field strength grows

significantly in the high- and middle-resolution runs but not
in the low-resolution run. We analyze the field amplifica-
tion by foliating the HMNS in terms of the rest-mass
density, i.e., calculating the magnetic-field energy for ρ1 ≤
ρ ≤ ρ2 varying ρ1 and ρ2. The left panel of Fig. 3 plots
magnetic-field energy of a radial component for H4B15
runs with ρ1 ¼ 1011 g=cm3 and ρ2 ¼ 1012 g=cm3. We find
that it grows in the middle- and high-resolution runs but
not significantly in the low-resolution run. We also find
the high- and middle-resolution runs satisfy the criterion
λφMRI=Δx7 ≥ 10 where λφMRI is the MRI wavelength of the
fastest growing mode for the toroidal magnetic field,
whereas the low-resolution run does not satisfy this
criterion.
We fit the growth rate of the magnetic-field energy by

∝ e2σðt−tmrgÞ for 8≲ t − tmrg ≲ 14ms for the high-resolution
run and find that σ ≈ 140 Hz (for the middle-resolution run,
it is ≈130 Hz for 8≲ t − tmrg ≲ 16 ms) which is several
percents of the rotational frequency. This frequency agrees
approximately with that of the nonaxisymmetric MRI [23].
The right panel of Fig. 3 plots the magnetic-field energy

FIG. 1 (color online). Snapshots of the density, magnetic-field strength and magnetic-field lines for H4B15d70 at t − tmrg ≈ 0.0 ms
(left panel), at t − tmrg ≈ 5.5 ms (middle panel), and at t − tmrg ≈ 38.8 ms (right panel). tmrg is a time when the amplitude of the
gravitational waves becomes maximum. The left, middle, and right panels show the configuration just after the onset of the merger, for
the HMNS phase, and for a BH surrounded by an accretion torus, respectively. In each panel, the white curves are the magnetic-field
lines. In the left panel, the cyan represents the magnetic fields stronger than 1015.6 G. In the middle panel, the yellow, green, and dark
blue represent the density iso-surface of 1014, 1012, and 1010 g=cm3, respectively. In the right panel, the light and dark blue are the
density iso-surface of 1010.5 and 1010 g=cm3, respectively.

1045

1046

1047

1048

1049

1050

1051

 0  10  20  30  40  50  60

E
B

 [e
rg

]

t - tmrg [ms]

B15-70m
B15-110m
B15-150m
B14-70m
B16-70m

 0

 5

 10

 15

 20

 60  80  100  120  140  160

am
pl

if
ic

at
io

n 
fa

ct
or

∆ x7 [m]

B14
B15
B16

FIG. 2 (color online). (Top) The total magnetic-field energies as
a function of time for H4B15 runs with three grid resolutions
(B15-70m, B15-110m, B15-150m), for H4B14d70 (B14-70m),
and for H4B16d70 (B16-70m). The thin vertical lines denote the
formation time of the BH. EB is calculated by a volume integral
only outside the BH horizon. (Bottom) The dependence of the
amplification factor of the maximum toroidal magnetic field in
the merger on the grid resolution for all the models.
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and almost 1016 G in the equatorial region (70°–110°).
Finally, the MS1 unequal-mass model has a rather
flat value of B90 ≈ 1016 G at all angles. These results show
that there is no unique behavior at this stage of the
evolution. In order to assess whether a common ordered
structure would emerge at a later time (e.g., a structure
favorable for jet formation), long-term simulations extend-
ing far beyond the timescales covered in this work are
needed.

VI. SHORT GAMMA-RAY BURSTS

In what follows, we discuss the results of our simulations
in the context of SGRBs. BNS and NS-BH mergers
represent primary candidates as progenitors of these events
[19–29]. One main reason is that a common product of such
mergers is a compact object (a massive NS or a BH)
surrounded by an accretion disk of mass ≳0.1 M⊙, and the
corresponding accretion timescale (∼1 s) matches the
duration of the SGRB prompt emission (< 2 s). In addi-
tion, the lack of supernova associations, the diverse types of
host galaxies (which include also early-type galaxies), and
the large offsets from the center of the host galaxy, are all in
favor of a binary compact object origin [15].
The most commonly discussed scenario is the one in

which a compact binary merger leads to the prompt
formation of a BH surrounded by a massive accretion disk
[107]. The accretion onto the BH is what provides the
source of power. Since the gamma-ray emission is believed
to be generated within a relativistic outflow, an additional
key ingredient is the ability of the system to drive a jet. Two
main mechanisms have been proposed as energy sources
capable of launching a jet: (i) the deposition of thermal
energy at the poles of the BH via the annihilation of
neutrinos and antineutrinos copiously emitted by the hot
accretion disk [20,108], and (ii) the action of large scale
magnetic fields threading the accretion disk and tapping the
rotational energy of the BH via the Blandford-Znajek
mechanism [109] (analogous to the well established case
of AGNs/blazars [110]). Recent simulations indicate that
the neutrino mechanism, while potentially important,
seems to be too weak to drive a powerful enough jet on

FIG. 19. Structure of magnetic field 45 ms after merger for the equal-mass MS1 (left) and APR4 (right) models. The coloring indicates
the magnetic field strength (log10ðB½G#Þ, same color scale for both models). For more quantitative results see Fig. 20. The black bars
provide a length scale of 20 km.

FIG. 20. Distribution of magnetic field with respect to θ-
coordinate, for APR4 and MS1 models 45 ms after merger.
Top: histogram of magnetic energy employing bins regularly
spaced in cosðθÞ, where θ ¼ 0 on the positive z-axis and θ ¼ 90°
at the equator. Each curve is normalized to the total magnetic
energy. Bottom: characteristic field strength B90 defined as the
value for which 90% of the magnetic energy inside a given cosðθÞ
bin is contributed by regions with field strengths below B90.
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Short GRBs:  Jet or no jet?

Daniel Siegel

Ciolfi+ 2017
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Ruiz+ 2016
Fig.: Magnetic funnel (“incipient jet”) 
emerging from a BH-torus system 
(BNS merger)

Fig.: Magnetic configuration from the highest 
resolution BNS simulations: no jet 

Fig.: Magnetic configuration from the 
latest BNS simulations: no jet 

Kiuchi+ 2017
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jet formation in NS mergers 
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Short GRBs:  baryon pollution in BNS mergers

Daniel Siegel
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FIG. 21. Meridional view of the fluid velocity perpendicular to the orbital plane (i.e. the z-component) and of the magnetic-to-fluid pressure
ratio (on the top and bottom half of each panel, respectively), towards the end of our simulations. Left: APR4 models with equal mass (top)
and unequal mass (bottom). Right: the same for H4 models (region in black is inside the apparent horizon).

hints into the viability of the magnetar model. As shown in
Section III and Fig. 9, towards the end of the simulations we
find rest-mass densities along the orbital/spin axis of the order
of 1010 g/cm3 and slowly increasing (computed at z ⇠50 km
almost 50 ms after merger). At the same time, the system is
characterized by a quasi-stationary evolution showing no clear
flow structure in the surrounding of the merger site, and in
particular no net outflow along the axis (cf. Figs. 6, 7 and left
panels of Fig. 21). Moreover, we observe magnetic-to-fluid
pressure ratios approaching unity inside a spherical region
of radius ⇠ 100 km, but no magnetically dominated funnel
(Fig. 21). Finally, the magnetic field does not show a strong
poloidal component along the axis (see Figs. 19, 20), which
is necessary in order to launch a magnetically driven jet. We
conclude that the systems studied in this work are unlikely to
produce a jet on timescales of ⇠ 0.1 s; either they do so on
much longer timescales (�0.1 s) or they are simply unable to
generate a collimated outflow.

We stress, however, that our simulations cannot provide
the final answer. First, we do not include neutrino radiation,
which might provide support to the production of a jet. Sec-
ond, we start with purely poloidal magnetic fields confined in-
side the NSs and we do not properly resolve all magnetic field
amplification mechanisms, in particular the KH instability and
MRI inside the remnant. We also note that while further in-
creasing the strength of the initial magnetic fields (⇠ 1015 G)
would be difficult to motivate, simply changing the geomet-
rical structure might still completely change the outcome. In
[29], for instance, it is shown that initial (pre-merger) poloidal
magnetic fields extending also outside the two NSs can help
jet formation in the post-merger evolution. Third, the emer-
gence of an incipient jet probably requires simulations lasting

&0.1 s, i.e. much longer than ours. All of the above elements
will have to be reconsidered in future studies.

As a final note on SGRB models, we recall that an alter-
native “time-reversal” scenario [40, 114] was proposed most
recently to overcome the problems of the BH-disk and mag-
netar scenarios. This model envisages the formation of a long-
lived supramassive NS as the end product of a BNS merger,
which eventually collapses to a BH on timescales of up to
⇠minutes of even longer. During its lifetime, the strongly
magnetized NS remnant injects energy into the surrounding
environment via EM spindown. Then, it collapses to a BH
and generates the necessary conditions to launch a jet. At that
point, the merger site is surrounded by a photon-pair plasma
nebula inflated by the EM spindown and by an external layer
of nearly isotropic baryon-loaded ejecta (expelled in the early
post-merger phase, but now diluted to much lower densities).
While the jet easily drills through this optically thick environ-
ment and escapes to finally produce the collimated gamma-
ray emission, spindown energy remains trapped and diffuses
outwards on much longer timescales. As a result, spindown
energy given off by the NS prior to collapse powers an EM
transient (in particular in the X-rays) that can still be observed
for a long time after the prompt SGRB. This offers a possi-
ble way to simultaneously explain both the prompt emission
and the long-lasting X-ray afterglows. Such a scenario covers
timescales that extend far beyond the reach of present BNS
merger simulations and thus it cannot be validated in this con-
text. We do however note that the roughly isotropic matter
outflows observed in our simulations would provide the re-
quired baryon-rich environment. On the other hand, the com-
plicated field structures found in the remnants highlight that
modeling the spindown radiation with a simple dipolar field

Ciolfi+ 2017

BNS NS BNS BH
isotropic baryon pollution low-density polar funnel

relativistic outflows likely choked 
or prevented to form

Murguia-Berthier+ 2015,2016
Nagakura+ 2014

how should GRB jets be produced at all in BNS    NS events?
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properties of the host galaxy for the first localized short burst,
GRB 050509B (ref. 1). One difference is that the host of
GRB 050509B was located in a moderately rich cluster of galaxies,
while the optical and X-ray observations of GRB 050724 suggest that
this host elliptical is located in a lower-density region. The spectrum
of the host shows no emission lines18 or evidence for recent star
formation, and is consistent with a population of very old stars. This
is true of most large elliptical galaxies in the present-day Universe,
including the host galaxy of GRB 050509B. The elliptical hosts of
these two short GRBs are very different from those for long bursts,
which are typically sub-luminous, blue galaxies with strong star
formation21.

Thus the properties of these two short GRB hosts suggest that the
parent populations and consequently the mechanisms for short and
long GRBs are different in significant ways. Their non-star-forming
elliptical hosts indicate that short GRBs could not have resulted from
any mechanism involving massive star core collapse22 or recent star
formation (for example, a young magnetar giant flare23,24). As we
previously noted1, large elliptical galaxies are very advantageous sites
for old, compact binary star systems, and thus good locations for
neutron star–neutron star or neutron star–black hole mergers.
Luminous elliptical galaxies are known to contain large populations
of low-mass X-ray binaries containing neutron stars or black holes,
and have large numbers of globular clusters within which compact
binary stars can be formed dynamically with amuch higher efficiency
than in the field. Note, however, that mergers of compact objects are
also expected to occur with a significant rate in star-forming galaxies;
even if such mergers are the mechanism behind all short GRBs, one
would not expect them all to occur in elliptical galaxies. In fact, the
second short GRB with fine localization (GRB 050709)2–4 was in a
star-forming galaxy at z ¼ 0.16 and may be such a case.
Taking into account the host distance, we compare the energetics

of short and long GRBs. The fluence in the first 3 s of emission is
6 £ 1027 erg cm22 in the 15–350 keVrange, which translates roughly
to a total 10 keV–1MeV g-ray fluence of ,1026 erg cm22. The
fluences in the 30 to 200 s soft g-ray peak and the X-ray afterglow
are comparable at 7 £ 1027 erg cm22 and ,1026 erg cm22, respect-
ively. These fluences are similar to those seen by BATand other g-ray
detectors for long bursts. However, at a redshift of z ¼ 0.285, the total

Figure 1 | BAT lightcurves for GRB050724 showing the short duration of
this GRB and the long softer emission. a, The prompt emission in the
15–150 keV energy band with a short-duration main spike of 0.25 s. T90 is
3.0 ^ 1.0 s (T90 is the time during which 90% of the GRB photons are
emitted10; the fluence is (3.9 ^ 1.0) £ 1027 erg cm22 and the peak flux is
3.5 ^ 0.3 photons cm22 s21 (15–150 keV, 90% confidence level). b, Soft
emission in the 15–25 keVenergy band lasting .100 s (peak flux is
,2 £ 1029 erg cm22 s21). The error bars in both panels are one-sigma
standard deviation. The BAT energy spectrum in the prompt portion
(T 2 0.03 to T þ 0.29 s; where T equals BAT trigger time of 12:34:09.32 UT)
is well fitted with a simple power-law model of photon index 1.38 ^ 0.13
and normalization at 50 keVof 0.063 ^ 0.005 photons cm22 s21 keV21

(15–150 keV, 90% confidence level). Count rate is normalized to a single
detector of the 32,768 detectors in the full array of the BAT instrument.

Figure 2 | VLT optical image17 showing the association of GRB050724
with the galaxy. The blue cross is the position of the optical transient16,17.
The XRT (red circle) and Chandra (green circle) burst positions are
superimposed on a bright red galaxy at redshift z ¼ 0.258 (ref. 5), implying a
low-redshift elliptical galaxy as the host. The XRT position has been further
revised from the position of ref. 15 by astrometric comparison with objects
in the field. The projected offset from the centre of the galaxy corresponds to
,4 kpc assuming the standard cosmology with H0 ¼ 71 km s21Mpc21 and
(QM, QL) ¼ (0.27, 0.73).

Table 1 | Position determinations for GRB 050724

Observatory RA (J2000) Dec. (J2000) Error circle radius* Notes Ref.

Swift/BAT 16 h 24min 43 s 2278 31 0 30 00 3 0 1 0 from Chandra position 6
Swift/XRT 16 h 24min 44.41 s 2278 32 0 28.4 00 6 00 Corrected astrometry relative to position in GCN Circular 3678 15
VLT 16 h 24min 44.37 s 2278 32 0 27 00 0.5 00

VLA 16 h 24min 44.37 s 2278 32 0 27.5 00 0.2 00 One-sigma error 7
Chandra/ACIS 16 h 24min 44.36 s 2278 32 0 27.5 00 0.5 00 8

All the positions are consistent with each other to within the errors quoted for each. See Fig. 2. *90% confidence limit except for VLA. VLT, Very Large Telescope. VLA, Very Large Array. RA,
right ascension; Dec., declination.
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VI. CONCLUSION

We have studied BNS mergers in numerical relativity
with a realistic prescription for the spin. Consistent initial
data have been produced with the CRV approach and
evolved for the first time.
We have considered moderate star rotations correspond-

ing to dimensionless spin magnitudes of χ ¼ 0.025, 0.05,
and direction-aligned or antialigned with the orbital angular
momentum. The dimensionless spins χ are estimated by
considering the angular momentum and masses of stars in
isolation with the same rotational state as in the binary. We

have investigated the orbital dynamics of the system by
means of gauge-invariant EðlÞ curves [38].
Our simple proposal for the estimation of χ proved to be

robust and allows us to show consistency with PN and EOB
energy curves at early times. Using energy curves, we have
also compared, for the first time to our knowledge, BNS
and BBH dynamics (see Ref. [90] for a waveform-based
comparison of the case BBH–mixed binary). We extracted
and isolated different contributions to the binding energy,
namely the point-mass nonspinning leading term, the spin-
orbit and spin-spin terms, and the tidal term. The analysis
indicates that the spin-orbit contribution to the binding
energy dominates over tidal contributions up to contact
(GW frequenciesMω22 ∼ 0.07) for χ ∼ 0.05. The spin-spin
term, on the other hand, is so small that it is not well
resolved in the simulations. No significant couplings
between tidal and spin-orbit terms are found, even at a
stage in which the simulation is in the hydrodynamical
regime (at this point, however, the interpretation of “spin-
orbit” probably breaks down).
The spin-orbit interactions significantly change the GW

signal emitted. During the three-orbit evolution, we
observe accumulated phase differences up to 0.7 GW
cycles (over three orbits) between the irrotational configu-
ration and the spinning ones (χ ¼ 0.05)—that is, we obtain
first quantitative results for orbital “hang-up” and “speed-
up” effects. A precise modeling of the late-inspiral-merger
waveforms, as in Ref. [17], needs to include spin effects
even for moderate magnitudes. Long-term (several orbits)
simulations are planned for a thorough investigation of this
aspect, together with detailed waveform phasing analysis
and comparison with analytical models. Extensive simu-
lations with different EOSs will also be important to check
the universal relations recently proposed in Ref. [91].

FIG. 9 (color online). Fourier analysis of the l ¼ 2
postmerger waveform multipoles and matter projection ρ2 for
model Γþþ

050 . The waveform frequencies strongly correlate with the
fluid’s modes.

FIG. 8 (color online). Gravitational wave signal for models Γ−−
050, Γ000, and Γþþ

050 . Left: Inspiral waveforms ℜðrh22Þ and rjh22j, and
frequency Mω22. Right: Full signal ℜðrh22Þ.

BERNUZZI et al. PHYSICAL REVIEW D 89, 104021 (2014)

104021-12

lifetime of the NS

Daniel Siegel

GW-EM multimessenger observations ideal to reveal the origin of SGRBs!

Time-reversal scenario Ciolfi & Siegel 2015a,b
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

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

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

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

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

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

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

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 4. Optical r-band and near-IR JHK-band observations of GRB 150101B between �t ⇡ 2.6- 30 days, where triangles denote 3� upper limits. Also shown
are four sets of kilonova models in grey regions: spherically symmetric ejecta from NS-NS mergers (solid; Barnes & Kasen (2013)), ejecta from NS-NS mergers
(crossed) and NS-BH mergers (speckled; Hotokezaka et al. 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2014), and outflows from disc winds surrounding
a long-lived remnant (single stripes; Kasen et al. 2015). The grey regions represent the full range of light curves considered in each set, assuming pole-on
orientation and r-process element opacities.
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Figure 5. Top: Magellan/Baade IMACS spectrum of the early-type host
galaxy of GRB 150101B, binned with a 3-pixel boxcar (black: data; blue:
error spectrum), and normalized to the flux of the host galaxy in the gri-
bands and HST/F606W as determined from aperture photometry (light blue
squares). Also shown is an SSP template (red; Bruzual & Charlot 2003) with
a stellar population age of 2.5 Gyr at a redshift of z = 0.1343± 0.0030. Fits
are performed on the unbinned data, and the chip gap (�rest ⇡ 4293 - 4355Å)
is excluded from the fit. The locations of the Balmer absorption lines,
Mgb�5175, NaD�5892, and TiO�7050 are labelled. Bottom: Subtraction of
the galaxy template from the GRB 150101B host spectrum, revealing emis-
sion at the location of H↵�6563 which indicates the presence of an underly-
ing AGN.

tative lanthanide elements while models (ii)-(iii) incorporate
all of the r-process element opacities. For models (ii)-(iv), we
select the pole-on orientation light curves. For each observ-
ing band, we use models in the corresponding rest-frame band
(e.g., �rest = �obs(1+ z)-1), convert the provided light curves to
apparent magnitude, and shift the light curves to the observer
frame. The models, along with the late-time optical and near-
IR limits are shown in Figure 4. Although these observations
place among the deepest limits on kilonova emission follow-
ing a short GRB to date (see Section 5.3), they do not con-
strain the brightest models. This demonstrates the difficulty of
placing constraints on kilonovae associated with short GRBs
at cosmological redshifts based on the current era of kilonova
models.

4. HOST GALAXY PROPERTIES

4.1. Redshift

To determine the host galaxy’s redshift, we fit the IMACS
spectrum over the wavelength range of 4400 - 8500 Å with
simple stellar population (SSP) spectral evolution models
at fixed ages (⌧ = 0.64 - 11 Gyr) provided as part of the
GALAXEV library (Bruzual & Charlot 2003); at wavelengths
outside this range, the signal-to-noise is too low to contribute
significantly to the fit. We use �2-minimization with redshift
as the single free parameter, and perform the fit on the un-
binned data. The resulting best-fit model is characterized by a
redshift of z = 0.1343±0030, determined primarily by the lo-
cation of the main absorption features of H�, Mgb�5175 and
NaD�5892 (Figure 5), and a stellar population age of 2.5 Gyr
(�2

⌫ ⇡ 5.0 for 1471 degrees of freedom) assuming solar metal-
licity. If we allow models to deviate from solar metallicity, ad-
equate fits are also found for stellar population ages of 1.4 and
5 Gyr, while poorer fits are found for SSPs with younger or
older ages. Due to the deep absorption features, lack of emis-
sion lines, and old inferred stellar population age, we classify
this host as an early-type galaxy. The shape of the spectrum
does not require any intrinsic extinction which is consistent
with the results from the afterglow observations. We note that
this redshift is fully consistent with the reported redshift from
the VLT (Levan et al. 2015).

4.2. Stellar Population Properties
While the SSP templates provide adequate matches to sev-

eral of the main absorption features, a strong H↵ absorp-
tion feature is notably absent (Figure 5). Two possible ex-
planations are emission from the underlying AGN (c.f., Sec-
tion 2.2.5 and Xie et al. 2016) or star formation from a
younger stellar population, both of which would cause the H↵
absorption to be “filled in”.

To assess these contributions, we subtract the 2.5 Gyr tem-
plate from the host spectrum (Figure 5). We find a clear emis-
sion feature at the location of H↵ with an integrated flux of
FH↵ ⇡ 1.3⇥ 10-15 erg s-1 cm-2, or LH↵ ⇡ 5.5⇥ 1040 erg s-1

at z = 0.1343. To help distinguish between an AGN and star
formation, we use archival 1.4 GHz observations as part of the
NRAO VLA Sky Survey (Condon et al. 1998), where the host
galaxy is detected with F⌫,1.4GHz ⇡ 10.2 mJy. Using standard
relations between radio luminosity, H↵ emission, and star for-
mation (Kennicutt et al. 1994; Yun & Carilli 2002; Murphy
et al. 2011), we find that if the radio emission is due to star for-
mation, the expected H↵ luminosity is ⇡ 500 times above the
observed value. A large SFR is also in contradiction with the
early-type galaxy spectrum and lack of emission lines; thus,
star formation is not playing a large role. Instead, the H↵
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Figure 7. Constraints on kilonova emission for GRB 150101B and all previous short GRBs with observations at �trest & 0.1 days in the rest-frame optical r-band
(left) and near-IR J-band (right) emission. Triangles denote 3� limits, from this work and the short GRB afterglow catalog (Fong et al. 2015). Open triangles
denote limits for GRB 061201 at a tentative redshift of z = 0.111, and at the median short GRB redshift of z = 0.5. Also shown is the detection of the near-IR
kilonova following GRB 130603B (black asterisk; Berger et al. 2013a; Tanvir et al. 2013). Grey regions denote four sets of kilonova models in r- and J-bands
(same as in Figure 4). Dashed and solid lines represent shallow (rAB = 21 mag and JAB = 20 mag) and deep (rAB = 24 mag and JAB = 23 mag) searches following
an event at 200 Mpc. The optical and near-IR limits for GRB 150101B provide the deepest constraints to date on kilonova emission. A comparison of the existing
data to kilonova models demonstrates the difficulty of placing meaningful constraints on kilonova emission with the cosmological sample of short GRBs, based
on the current era of models. At a distance of 200 Mpc, shallow searches following gravitational wave events may only be marginally effective in detecting
kilonovae. However, deep searches to depths of ⇡ 2⇥1040 erg s-1 will probe a meaningful range of kilonova models.

GRB 150101B occurred on a faint region of its host rest-frame
optical light, and is thus weakly correlated with local stellar
mass. Furthermore, there is no evidence for ongoing star for-
mation at the position of GRB 150101B. These findings are
also commensurate with NS/BH kicks.

5.3. Constraints on Kilonova Emission
A predicted signal of NS-NS/NS-BH mergers is transient

emission from the radioactive decay of heavy elements pro-
duced in the merger ejecta, (r-process “kilonova”; Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010). The
signal is predicted to be dominant in the near-IR bands due
to the heavy element opacities (Barnes & Kasen 2013; Ross-
wog et al. 2013; Tanaka & Hotokezaka 2013), although mod-
els incorporating a long-lived NS remnant predict bluer col-
ors (Metzger & Fernández 2014; Kasen et al. 2015). A near-
IR excess detected with Hubble Space Telescope (HST) ob-
servations following the short GRB 130603B was interpreted
as kilonova emission and the first direct evidence that short
GRBs originate from NS-NS/NS-BH mergers (Berger et al.
2013a; Tanvir et al. 2013).

For GRB 150101B, we place limits of ⇡ (2 - 4) ⇥
1041 erg s-1 on kilonova emission (Figure 7). To compare
these limits to searches for late-time emission following pre-
vious short GRBs, we collect all available data from the short
GRB afterglow catalog (Fong et al. 2015), constraining the
sample to bursts with upper limits at �trest & 0.1 days to match
the timescale of kilonova light curves. We only include events
which have either rest-frame r- or J-band observations. For 15
bursts with no determined redshift, we assume the median of
the short GRB population, z = 0.5, to convert to luminosity.
In addition to GRB 150101B, 25 short GRBs have rest-frame
optical limits and seven events have rest-frame near-IR limits.
These limits, along with the GRB 130603B-kilonova detec-

tion (Berger et al. 2013a; Tanvir et al. 2013) and four sets of
kilonova models (described in Section 3.3), are displayed in
Figure 7. We note that since GRB 061201 has a relatively
uncertain association with a galaxy at z = 0.111, we also dis-
play the limit if this burst originated at the median redshift of
z = 0.5 (Figure 7).

In the rest-frame optical band, GRB 150101B has one of
the deepest limits on optical kilonova emission to date with
⇡ 2⇥ 1041 erg s-1, and the most stringent for a short GRB
with a secure redshift. For GRB 061201, if the true redshift is
z = 0.111, this event has the deepest limit of ⇡ 6⇥1040 erg s-1.
This limit can rule out the optically brightest models which
invoke an indefinitely stable NS remnant (Kasen et al. 2015),
while an assumption of a higher-redshift origin at z = 0.5 is
not stringent enough to place any meaningful constraints (Fig-
ure 7).

The sample of short GRBs with rest-frame near-IR follow-
up is significantly smaller, spanning a range of ⇡ 1042 -
1044 erg s-1 with most limits clustered at ⇡ (0.8 - 3) ⇥
1042 erg s-1. Thus, with constraints of ⇡ (2-4)⇥1041 erg s-1,
GRB 150101B has the deepest limit on the luminosity of a
near-IR kilonova (Figure 7). For comparison, the detection of
the near-IR kilonova following GRB 130603B had a luminos-
ity of ⇡ 1.5⇥ 1041 erg s-1, which mapped to an ejecta mass
and velocity of ⇡ 0.03 - 0.08M� and ⇡ 0.1 - 0.3c (Berger
et al. 2013a; Tanvir et al. 2013). In the case of GRB 150101B,
optical observations of comparable depth at earlier epochs of
�trest ⇡ 2 - 5 days or deeper near-IR observations at �trest .
10 days would have helped to confirm or rule out the bright-
est kilonova models (Figure 7). This demonstrates the dif-
ficulty of performing effective kilonova searches following
short GRBs based on the current era of kilonova models, and
the necessity of more sensitive instruments (e.g., space-based
facilities or ⇠30-m ground-based telescopes) in this effort.
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Figure 7. Constraints on kilonova emission for GRB 150101B and all previous short GRBs with observations at �trest & 0.1 days in the rest-frame optical r-band
(left) and near-IR J-band (right) emission. Triangles denote 3� limits, from this work and the short GRB afterglow catalog (Fong et al. 2015). Open triangles
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data to kilonova models demonstrates the difficulty of placing meaningful constraints on kilonova emission with the cosmological sample of short GRBs, based
on the current era of models. At a distance of 200 Mpc, shallow searches following gravitational wave events may only be marginally effective in detecting
kilonovae. However, deep searches to depths of ⇡ 2⇥1040 erg s-1 will probe a meaningful range of kilonova models.

GRB 150101B occurred on a faint region of its host rest-frame
optical light, and is thus weakly correlated with local stellar
mass. Furthermore, there is no evidence for ongoing star for-
mation at the position of GRB 150101B. These findings are
also commensurate with NS/BH kicks.

5.3. Constraints on Kilonova Emission
A predicted signal of NS-NS/NS-BH mergers is transient

emission from the radioactive decay of heavy elements pro-
duced in the merger ejecta, (r-process “kilonova”; Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010). The
signal is predicted to be dominant in the near-IR bands due
to the heavy element opacities (Barnes & Kasen 2013; Ross-
wog et al. 2013; Tanaka & Hotokezaka 2013), although mod-
els incorporating a long-lived NS remnant predict bluer col-
ors (Metzger & Fernández 2014; Kasen et al. 2015). A near-
IR excess detected with Hubble Space Telescope (HST) ob-
servations following the short GRB 130603B was interpreted
as kilonova emission and the first direct evidence that short
GRBs originate from NS-NS/NS-BH mergers (Berger et al.
2013a; Tanvir et al. 2013).

For GRB 150101B, we place limits of ⇡ (2 - 4) ⇥
1041 erg s-1 on kilonova emission (Figure 7). To compare
these limits to searches for late-time emission following pre-
vious short GRBs, we collect all available data from the short
GRB afterglow catalog (Fong et al. 2015), constraining the
sample to bursts with upper limits at �trest & 0.1 days to match
the timescale of kilonova light curves. We only include events
which have either rest-frame r- or J-band observations. For 15
bursts with no determined redshift, we assume the median of
the short GRB population, z = 0.5, to convert to luminosity.
In addition to GRB 150101B, 25 short GRBs have rest-frame
optical limits and seven events have rest-frame near-IR limits.
These limits, along with the GRB 130603B-kilonova detec-

tion (Berger et al. 2013a; Tanvir et al. 2013) and four sets of
kilonova models (described in Section 3.3), are displayed in
Figure 7. We note that since GRB 061201 has a relatively
uncertain association with a galaxy at z = 0.111, we also dis-
play the limit if this burst originated at the median redshift of
z = 0.5 (Figure 7).

In the rest-frame optical band, GRB 150101B has one of
the deepest limits on optical kilonova emission to date with
⇡ 2⇥ 1041 erg s-1, and the most stringent for a short GRB
with a secure redshift. For GRB 061201, if the true redshift is
z = 0.111, this event has the deepest limit of ⇡ 6⇥1040 erg s-1.
This limit can rule out the optically brightest models which
invoke an indefinitely stable NS remnant (Kasen et al. 2015),
while an assumption of a higher-redshift origin at z = 0.5 is
not stringent enough to place any meaningful constraints (Fig-
ure 7).

The sample of short GRBs with rest-frame near-IR follow-
up is significantly smaller, spanning a range of ⇡ 1042 -
1044 erg s-1 with most limits clustered at ⇡ (0.8 - 3) ⇥
1042 erg s-1. Thus, with constraints of ⇡ (2-4)⇥1041 erg s-1,
GRB 150101B has the deepest limit on the luminosity of a
near-IR kilonova (Figure 7). For comparison, the detection of
the near-IR kilonova following GRB 130603B had a luminos-
ity of ⇡ 1.5⇥ 1041 erg s-1, which mapped to an ejecta mass
and velocity of ⇡ 0.03 - 0.08M� and ⇡ 0.1 - 0.3c (Berger
et al. 2013a; Tanvir et al. 2013). In the case of GRB 150101B,
optical observations of comparable depth at earlier epochs of
�trest ⇡ 2 - 5 days or deeper near-IR observations at �trest .
10 days would have helped to confirm or rule out the bright-
est kilonova models (Figure 7). This demonstrates the dif-
ficulty of performing effective kilonova searches following
short GRBs based on the current era of kilonova models, and
the necessity of more sensitive instruments (e.g., space-based
facilities or ⇠30-m ground-based telescopes) in this effort.
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Short gamma-ray bursts in the “time-reversal” scenario
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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 11: Kilonova light curves, boosted by spin-down energy from an indefinitely stable
magnetar (t

collapse

= 1). We assume an ejecta mass M = 0.1M� (Metzger & Fernández,
2014), initial magnetar spin period P

0

= 0.7 ms, thermalization e�ciency ✏
th

= 1 and mag-
netic dipole field strength of 1015 G (top panel) or 1016 G (bottom panel).

. 10�2M�, the ejecta can become ionized, allowing radiation to freely escape
also from the far UV and softer X-ray bands where bound-free opacity normally
dominates (eq. 8). Such X-ray/gamma-ray ‘leakage’ itself provides a potential
isotropic high energy counterpart to the merger (Metzger & Piro 2014, Siegel
& Ciolfi 2016a,b, Wang et al. 2016). However, it also reduces the fraction of
the magnetar spin-down luminosity which thermalizes and is available to power
optical radiation. The escape of magnetar energy without thermalization could
also be faciliatated by relativistic jet formation (Bucciantini et al., 2012) or hy-
drodynamic instabilities (e.g. Rayleigh-Taylor) that occur as the hot bubble of
relativistic particles accelerates the relatively modest amount of mass to high
energies (Chen et al. 2016).

We can parameterize the magnetar spin-down contribution to the ejecta
heating as

Q̇sd = ✏thLsd, (34)

38

Metzger 2016

 Siegel & Ciolfi 2016b

• ejecta shell downgrades hard interior radiation 
to soft X-ray/UV/optical

• simple models show that presence of magnetar 
can outshine the standard kilonova

• reprocessing of radiation involves complicated 
physics, more detailed models soon

Metzger 2016
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NS mergers:  multi-messengers

electromagnetic

gravity

particles

heavy elements

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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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Neutrinos from NS mergers
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Fig.: post-merger neutrino cooled accretion disk 
(meridional plane, top; equatorial plane, bottom)

Siegel & Metzger 2017a

Post-merger accretion disks (t~sec):(Meta-)stable remnant NS (t~100ms):

9

FIG. 5. Profiles of the rest-mass density (top in each panel), electron number per baryon (middle in each panel), and temperature
(bottom in each panel) in x-z plane for SFHo-135-135h (top left), SFHo-125-145h (top right), DD2-135-135h (bottom left), and
DD2-125-145h (bottom right) at 30ms after the onset of the merger. The filled circles (in black or white) in the top panels
denote the inside of black holes.

Sekiguchi+ 2016

Fig.: hot long-lived remnant NS

Neutron star mergers and multi-messenger astronomy

Neutrino emission from hot (T~1-10MeV) 
nuclear matter:

charged-current processes:
e� + p ! n+ ⌫e

e+ + n ! p+ ⌫̄e

pair annihilation: plasmon decay:
e� + e+ ! ⌫e + ⌫̄e

e� + e+ ! ⌫µ,⌧ + ⌫̄µ,⌧

� ! ⌫e + ⌫̄e

� ! ⌫µ,⌧ + ⌫̄µ,⌧
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Fig.: neutrino luminosities from 
post-merger neutrino cooled accretion disk

Siegel & Metzger 2017a

Post-merger accretion disks (t~sec):(Meta-)stable remnant NS (t~100ms):
Sekiguchi+ 2016

Fig.: neutrino luminosities from long-lived remnant NS

Neutron star mergers and multi-messenger astronomy

Siegel & Metzger 2017b, in prep.
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FIG. 3. Luminosity curves of ⌫e (red solid), ⌫̄e (blue dashed), and heavy (green dotted-dashed) neutrinos for the models with
the SFHo EOS (left) and the DD2 EOS (right), respectively (note that the scales in the vertical axis are di↵erent among the
plots). For heavy neutrinos, the contribution from only one heavy species is plotted. The vertical dashed lines in the left panel
shows the time at the formation of a remnant black hole. We note that the relatively high heavy-neutrino luminosity for the
SFHo models before the collapse to the remnant black holes reflects the fact that the temperature of remnant MNS is higher
and the pair-process neutrino emission is more active than those for the DD2 model.

& 10ms after the onset of the merger (if the average of
Ye is estimated at ⇠ 5ms after the onset of the merger as
in Ref. [13], the average of Ye could be underestimated).

Irrespective of the EOS and mass ratios, the averaged
ejecta velocity is in the range between 0.15c and 0.25c,
as found in Refs. [12, 16, 32]. As we already pointed out
in Ref. [32], the ejecta velocity is higher for softer EOS
and this shows that the shock heating e↵ect enhances the
ejecta velocity. On the other hand, the ejecta velocity
depends only weakly on the mass ratio (as long as it
is in the range 0.85 < q  1), although it is slightly
increased for significantly asymmetric binaries like 1.25–
1.45M� models.

As described earlier in this section, shock heating and
tidal interaction are two major dynamical mass ejection
mechanisms. By the tidal torque, the matter tends to be
ejected near the orbital plane because the tidal-force vec-
tor primarily points to the direction in this plane. On the
other hand, by the shock heating, the matter is ejected
in a quasi-spherical manner like in supernova explosion.
Because both e↵ects play a role, the dynamical ejecta
usually have a spheroidal morphology [32].

For the SFHo models, the shock heating plays a pri-
mary role for the equal-mass or slightly asymmetric case,
and hence, the dynamical ejecta in this case have a quasi-
spherical morphology. However, for the significantly
asymmetric case, e.g., with q ⇠ 0.85, the tidal e↵ect be-
comes appreciable, as already mentioned, and hence, the
anisotropy of the dynamical ejecta is enhanced. On the
other hand, for the DD2 models, the tidal torque always
plays a primary role for the dynamical mass ejection.

Thus, with the increase of the binary asymmetry degree,
this property is further enhanced, and the anisotropy of
the dynamical ejecta morphology is increased. Here, we
note that the degree of the anisotropy is correlated with
the neutron-richness of the dynamical ejecta because (i)
the tidally ejected components are less subject to the
thermal weak-interaction reprocess associated with the
shock heating preserving the neutron-rich nature of the
original neutron-star matter and (ii) the neutrino irra-
diation is less subject to the matter near the equatorial
plane than that near the polar region (see the discussion
in Sec. III C).
Six panels of Fig. 2 display the profiles of the electron

number per baryon, Ye, (left side of each panel) and spe-
cific entropy, s, (right side of each panel) of the ejecta
on the x-y and x-z planes for the SFHo (top panels)
and DD2 (lower panels) models. For the SFHo and DD2
models, the snapshots at t� tM�6 ⇡ 13ms and 10ms are
plotted, respectively. The left, middle, and right panels
display the results for 1.35-1.35M�, 1.30-1.40M�, and
1.25-1.45M�, respectively. This figure shows a clear de-
pendence of the properties of the dynamical ejecta on the
binary asymmetry degree and on the EOS employed as
follows:
(I) For the SFHo models, the specific entropy of the ejecta
decreases steeply with the increase of the binary asym-
metry degree in particular near the orbital plane. This
is due to the fact that the e↵ect of the shock heating at
the onset of the merger, which contributes a lot to the
dynamical mass ejection, becomes weak with the increase
of the binary asymmetry degree.
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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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How are the heavy elements formed?

The origin of the elements
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Movie: r-process nucleosynthesis from NS merger remnant disks

The origin of heavy nuclei: r-process nucleosynthesis

Siegel & Metzger 2017b, in prep.
Siegel & Metzger 2017a
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r-process nucleosynthesis from NS mergers

Siegel & Metzger 2017b, in prep.
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2nd peak 3rd peak

rare-earth peak

1st peak

Siegel & Metzger 2017a

Post-merger accretion disk outflows:

Fig.: production of all r-process elements from outflows of 
post-merger accretion disk

NS merger (dynamical ejecta):

Dynamical mass ejection from BNS mergers 3265

Figure 8. Angular distribution (upper half of each panel) and composition (lower half of each panel) of the ejecta for the LK_QC (upper panel) and M0_QC
(lower panel) simulations as a function of time. The data is collected on a coordinate sphere at radius r = 200 M⊙ ≃ 295 km and only considers the unbound
part of the outflow (i.e. with ut ≤ −1). The grey shaded areas refer to times/angles for which we do not measure any outflow of unbound matter (i.e. where
ut > −1). The ejection event is of very short duration and the outflow is confined within a broad ∼60◦ angle from the equator. The material at low altitudes is
typically more neutron rich than at higher altitudes, suggesting a different ejection mechanisms for the different components of the outflow.

Figure 9. Final abundances in the ejecta for the RP7.5, RP10 and QC configurations. The yields are normalized with the total abundance of elements with
63 ≤ A ≤ 209. For each configuration we consider three different levels of microphysical description (pure hydrodynamics, HY or leakage with only cooling,
LK, or with heating/absorption included, M0). The abundance pattern for elements with A ! 120 is very robust and in overall good agreement with the Solar
r-process abundances taken from Arlandini et al. (1999).

component of the ejecta might also be due to numerical effects.
Our resolution is probably not high enough to track the very small
fraction of the ejecta expected to experience neutron freeze-out in
the scenario proposed by Metzger et al. (2015).

We show the results of this procedure in Fig. 9, where we plot the
relative abundances of different elements in the final composition
of the ejecta for three of our models (RP7.5, RP10, and QC)

and with three different levels of microphysical description (HY,
LK, and M0). The dynamical ejecta from all our simulations is
neutron rich with mass-averaged electron fractions ⟨Ye⟩ ! 0.2 (see
Fig. 7). We show the joint distribution of Ye and specific entropy per
baryon s for simulation QC_M0 in Fig. 10. There is an approximate
correlation between Ye and s, due to the fact that shock heated
material undergoes more weak processing. However, the critical

MNRAS 460, 3255–3271 (2016)
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Fig.: production of r-process elements from early ejecta of 
a BNS merger (dynamical ejecta, neutrino-driven winds)
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Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

• NS mergers are a robust site of the r-process

• Joint EM and GW observations will:

post-merger outflows can produce all r-process 

• GW observations will infer/constrain the EOS of nuclear matter at high densities
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NS mergers are multimessengers:

reveal the origin of SGRBs, inform theory of jet formation

Neutron star mergers and multi-messenger astronomy

provide direct observation of the formation of heavy nuclei 
(kilonovae) and input to nuclear physics

reveal the formation of long-lived NS (magnetars), pulsar wind 
nebulae (?)

measure lifetime of NS, constrain EOS

• NS mergers are source of (thermal) neutrinos

similar properties as in supernovae

non-thermal high-energy neutrinos from post-merger PWN?


