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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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Fig. 8.— The LIGO localization map (top left) can be combined with the GBM localization map for

GW150914-GBM (top right) assuming GW150914-GBM is associated with GW event GW150914.

The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in

the bottom right plot. The constraint from Fermi shrinks the 90% confidence region for the LIGO

localization from 601 to 199 square degrees.



EM counterparts to BH-BH mergers

• Radio emission from BHBs in external B-field (“dual jets”)
Palenzuela+ 2010, Moesta+ 2010

In “vacuum”

momentum vector around each black hole, with an
electromagnetic frequency given by WF ≈ Worb/5.
Thus, even though the black holes were not spin-
ning, therewas a strongly collimated electromagnetic
flux of energy dominated by anm = 2 multipolar
structure with a time dependence determined by
the orbital motion.

During the merger, which lasted ~7(M/108 M◉)
hours—from late orbiting through the plunge
phase to the formation of a highly distorted black
hole—the highly nonlinear dynamics translated
into a substantial increase in both electromagnetic
and gravitational energy radiated. As expected, a
common, collimated tube arose as the flux transi-
tioned from m = 2 to m = 0. A roughly isotropic
flux was also emitted. During the inspiral, the iso-
tropic component of the flux was much smaller
than that of the collimated component. During the
merger, however, both of these energy fluxes
reached a peak and the collimated part doubled in
magnitude.

The final stage was described by a single
black hole, which, after a relatively short time,
was well approximated by a Kerr black hole. As
expected, the remnant black hole radiated grav-
itational radiation settling into a standard Kerr
configuration. Thus, the post-merger behavior of
the electromagnetic field behavior was increas-
ingly better represented by the Blandford-Znajek
process for a spinning black hole with a ≈ 0.67.
As a result, the collimated electromagnetic energy
flux did not decay to zero but rather approached
the value predicted by the Blandford-Znajekmod-
el. For a single spinning black hole, this energy
flux evaluated at the horizon scales as FEM ≈
RBHWF(WH − WF)B

2, where WH is the rotation
frequency of the black hole (which is similar to the
orbital velocity at the merger). In accordance with
this model, the electromagnetic rotation frequency
for the final black hole relaxed to WF ≈ WH/2.

Energetically, the system radiated gravitational
waves primarily through l = |m| = 2 modes. These
waves displayed a chirping behavior as the orbit
tightened, followed by exponential decay after the
merger [e.g., (3)]. Overall, the system radiated

~2.5% and ~16% of the rest mass energy and an-
gularmomentum (at the initial separation), respec-
tively. In the electromagnetic band, the radiation
profile displayed a more complex structure.

Projected over a sphere located at r = 20RBH,
the electromagnetic energy flux shows clear col-
limation, evident as bright spots (Fig. 3). These
spots are symmetric with respect to the orbital
plane and revolve around each other as a result of
the orbiting until they merge along the poles.
Thus, the behavior of the electromagnetic fields
was tightly tied to the dynamics of the binary,
making them excellent tracers of the spacetime.
Indeed, the resulting tubes of collimated flux
resemble the familiar “pair of pants” picture of
the event horizon for the merger of a binary black
hole system in vacuum (29).

The total energy flux in both the electromag-
netic and gravitational wavebands for a particular
astrophysically relevant case with M = 108 M◉
and B = 104 G [i.e., not exceeding the Eddington
magnetic field strengthB≈ 6× 104(M/108M◉)

−1/2 G
(30)] showed a clear sweep upward, apparent in
both channels at the time ofmerger. Afterward, both
decreased rapidly. However, while the gravita-
tional flux essentially shuts off shortly after merger
(as the system relaxes to a stationary black hole), the
electromagnetic flux rises up to the level predicted
by the Blandford-Znajek mechanism (Fig. 4).

Overall, the total radiated electromagnetic en-
ergy in the late stages behaved according to

Eem
rad

Mc2
¼ 10−14

M

108M⊙

! "2 B
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! "2

ð1Þ

This is about an order of magnitude larger than
the same system studied in the electrovacuum
case (i.e., not including the plasma) (17, 18), in-
dicating that the plasma taps the orbital/rotational
energy from the system more efficiently. This
late-stage radiation, which is mostly isotropic,
can potentially couple to the circumbinary disk
via magnetosonic waves that propagate perpen-
dicular to the magnetic field lines. If the viscous
time scales of the disk become similar to, or

larger than, the magnetic transport time scale [see
section VI of (31) for definitions of these time
scales], then these waves could affect the dynamics
of the disk, and this coupling could potentially
manifest in a variability in the disk’s emissions,
indicating that the black holes are merging.

During the last hours before the merger, the
jets have a luminosity of 2× 1043 to 4× 1043 erg/s≈
0.0015 to 0.0030LEdd (whereLEdd is the Eddington
luminosity). This electromagnetic energy can be
transferred to kinetic energy of the plasma, which
will radiate through synchrotron processes in fre-
quencies around the gigahertz region. Such a flux
of energy implies that it would be possible to
observe these systems to z ≈ 1 with future x-ray
telescopes. The system will be sufficiently bright
for hours before themerger and remain so through
themerger (Fig. 4). This radiated power has a time
dependence given by (RorbWorb)

2B2, and the flux
exhibits a clear transitionm = 2→ 0 at the time of
the merger.

Furthermore, joint detections in both electric
and gravitational wave bands (the power of the
latter scales as R4

orbW
6
orbM

2) are therefore quite
probable, as future space-based interferometers
will be capable of observing supermassive binary
black hole systems for weeks, perhaps months,
before merger and for a considerable time after-
ward. Gravitational waves from supermassive bi-
nary systems could be detected as far as redshifts
of z ≈ 5 to 10 (32), although good sky localiza-
tion will require electromagnetic counterparts.
Electromagnetic luminosities of ~1043 erg/s cor-
respond to an isotropic bolometric flux of Fx ≈
10−15 erg cm−2 s−1 that could be detected to
redshifts of z ≈ 1 and even further, depending on
anisotropies.
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REPORTS

than the one corresponding to the single black hole case.
Indeed the orbiting black holes modify both the geometry
and the electromagnetic fields. As a result, the EM fields
are stirred during the evolution, changing their configura-
tions as it is displayed in Fig. 3.

To analyze the influence of the binary’s dynamics on the
electromagnetic field we monitor the (EM) Newman-
Penrose radiative quantity !2, and correlate it with "4,
which is the gravitational wave Newman-Penrose scalar.
These scalars are computed by contracting the Maxwell
and the Weyl tensors, respectively, with a suitably defined
null tetrad

!2 ¼ Fabn
a #mb; "4 ¼ Cabcdn

a #mbnc #md (61)

extracted at a sphere surface $ located in the wave zone,
far away from the sources. We also check that corrections
required for possible gauge issues, as discussed in [39], are
negligible in our present case. To understand the induced
multipolar structure of these quantities we decompose
them in terms of spin-weighted spherical harmonics, with
spin weight s ¼ "1 for!2 and s ¼ "2 for"4 (since these
are their respective spin weights). These modes exhibit a
very similar behavior, with the most relevant ones corre-
sponding to the l ¼ 2, m ¼ #2 modes, which are plotted

in Fig. 4 (top panel). The maximum amplitudes of these
waveforms correspond to the merger time which takes
places after over one orbit. Note that since the magnetic
field is anchored at the disk it does not decay with the
distance from the binary, which obscures a clean interpre-
tation from !2, displaying a nonvanishing m ¼ 0 mode at
late times, when the stationary state is reached. The same
happens with the decomposition of the radial component of
the Poynting vector Sr (radial from the origin), which
shows nonradiative modes not related to the binary black
hole dynamics. A closer inspection of the waveforms
(bottom panel in Fig. 4) reveals that the l ¼ m ¼ 2 modes
of both the GW and the EM waves oscillate with the same
frequency, indicating that both are mostly dominated by a
quadrupolar structure resulting from the orbiting behavior.
The energy carried off by outgoing waves at infinity is

another interesting quantity. The total energy flux per unit
solid angle can be found directly from the Newman-
Penrose scalars.

FIG. 3 (color online). Magnetic (mostly vertical) and electric
field lines at different phases during the evolution employing
different scales for visualization purposes. The figures illustrate
different stages: early when the black holes are separated, near
merger, shortly after they merge, and at late times. The electric
field lines are twisted around the black hole, while the magnetic
lines slightly deform from their initial configuration aligned with
the z axis.
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FIG. 4 (color online). The top figure corresponds to the l ¼
m ¼ 2 modes for r"4 and r!2 extracted at r ¼ 40M, rescaled
properly with a factor $ 3% 106 to fit in the same scale. The
bottom figure illustrates the phase of these modes.
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• Charged orbiting BHs induce magnetospheric wind
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EM counterparts to BH-BH mergers

• BHB production in massive star collapse Reisswig+ 2013, Loeb 2016

In presence of matter

• “Dead” disk from failed supernova explosion

SGRB generated by revived accretion after merger

GRB as in collapsar scenario ?

shapes). The two nascent black holes (BHs) have identical
mass and spin. Initially, they have a coordinate separation
D ¼ 13:2M, a Christodoulou mass MBH ¼ 0:899M, and
dimensionless spin a"BH ¼ 0:286. Their spin axes are both
aligned with the orbital angular momentum. Transfer of
angular momentum from the differentially rotating torus
onto the black holes via accretion leads to an outwards
spiraling motion until the two black holes reach a separa-
tion D ¼ 24:7M. From there, they start to inspiral driven
by GWemission and merge after#1:5 orbits. The tracks of
the black holes are indicated by red (solid and dashed) lines
in the center left panel of Fig. 1. In the center right panel,
the black holes have completed close to one orbit. Around
each black hole, material is dragged and accreted, forming
spiral patterns. During inspiral, while further accreting
material, each of the two black holes grows to a mass

MBH ¼ 3$ 0:1M and dimensionless spin parameter
a"BH ¼ 0:7$ 0:02 just before merger (center panel of
Fig. 2). In the bottom left panel of Fig. 1, the two black
holes are about to merge at time T ¼ 1680M, and a com-
mon apparent horizon appears. The bottom right panel
shows the situation at the end of the simulation after the
system has settled to a quasistationary state. The merger
remnant has a Christodoulou mass MBH ¼ 5:8$ 0:2M
and dimensionless spin a"BH ¼ 0:9$ 0:01. The surround-
ing accretion disk quickly settles to a baryonic mass
Mdisk ¼ 0:7$ 0:2M.
GW emission.—All models emit GWs during collapse

and while the fragments form and orbit around the center
of the star. The dominant radiated GWmode for all models
is ð‘;mÞ ¼ ð2; 2Þ. In models with m ¼ 2 deformation, the
emission is particularly strong. The strongest emission is
generated by model M2G2 due to the two inspiraling and
merging SMBHs. In Fig. 2, we show the evolution of the
maximum density as well as the ð‘;mÞ ¼ ð2; 2Þ mode of
the þ polarization of the emitted GW signal. As the
maximum density increases, the oscillatory GW signal
rises in amplitude. Following BH formation, a GW ring-
down signal is emitted in models M1G1 and M2G1. In
model M2G2, following BH formation, we obtain a binary
black-hole inspiral signal that increases in frequency and
amplitude toward merger. Following merger, the remnant

FIG. 1 (color online). Snapshots of a slice of the equatorial
density distribution of model M2G2. Dark colors indicate
high density and light colors indicate low density. The logarith-
mic density color map ranges from 10(7M(2 (white) to
10(3M(2 (black). In the bottom two panels, the color map is
rescaled to the range [10(8M(2, 10(4M(2] for the sake of
presentation. The upper two and the bottom right panels show
an extent of $40M, whereas the remaining panels show an
extent of $20M.

FIG. 2 (color online). Top panel: evolution of the maximum
density for all models. Center panel: Spin and mass evolution of
all three black-hole horizons of model M2G2. Lower panel:
ð‘;mÞ ¼ ð2; 2Þ spherical harmonic mode of the þ polarization
of the emitted gravitational radiation rescaled by distance D.

PRL 111, 151101 (2013) P HY S I CA L R EV I EW LE T T E R S
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151101-3

Reisswig+ 2013

require near break-up limit rotation and m=2 density perturbation

BHB merges within a few orbits

Perna+ 2016

accretion disk forms from fallback material around one BH, 
assumed to survive inspiral

Does the disk survive until after the merger?

• BHB coalescence in AGN disks Bartos+ 2017a,b, Stone+ 2017

2 Stone et al.

Fig. 1.— A cartoon picture of our scenario. A stellar mass black
hole binary of mass mbin orbits a SMBH of mass M• at a distance
r, embedded within a Toomre-unstable AGN accretion disk (red).
The AGN disk forms a disk of stars, some of which are binaries
that evolve off the main sequence into BHBs. A massive BHB
will generally fail to clear a gap in the disk, but gas that flows
into its accretion radius Racc will form a circumbinary disk (blue)
that hardens the binary’s internal semimajor axis a. Three-body
interactions with background stars in the stellar disk (yellow) will
also harden the BHB. Gas streams peeling off the inner edge of the
circumbinary disk can formminidisks around each BHB component
(purple).

2. DISK MODELS

2.1. Gaseous Disk Model

We employ the AGN accretion disk models of Thomp-
son et al. (2005) (hereafter T05) for a supermassive BH
(SMBH) mass M• = 3 × 106M⊙, similar to those that
contribute a large fraction of black hole growth in the lo-
cal universe (e.g. Hopkins et al. 2007; Gallo et al. 2010).
These models connect an inner α-disk, which is stable
to gravitational instability (Toomre parameter Q > 1),
to an outer disk where star formation feedback by radia-
tion pressure and supernovae is assumed to regulate the
disk to a state of marginal gravitational stability Q ≈ 1.
The amount of feedback required to support the disk self-
consistently determines the star formation rate at each
radius.
The outer boundary condition is the gas feeding rate at

Rout = 10 pc, which we take to be Ṁ(Rout) = 15ṀEdd,
where ṀEdd = LEdd/0.1c2 is the Eddington accretion
rate. Additional parameters of the model assume fidu-
cial values, including the viscosity parameter α = 0.1;
fraction ϵ = 10−3 of stellar rest mass placed into radia-
tion; supernova feedback parameter ξ = 1; radial Mach
number M = 0.1 of the disk at radii where gravita-
tional instabilities operate; and stellar velocity disperion
σ = 180(M•/2 × 108M⊙)0.23 km s−1 (Kormendy & Ho
2013).
The top panel of Figure 2 shows the mass accretion rate

Ṁ and the star formation rate ṀSF = πr2Σ̇⋆, where Σ̇⋆
is the star formation rate per unit surface area. About
half of the stars form in a ring around 0.1 pc, with a
comparable fraction forming at larger radii ! 1− 10 pc.
Both regions correspond to locations where the opacity is
low, requiring a higher rate of star formation to support
the disk against self-gravity.
The bottom panel of Figure 2 shows other properties

of the disk, such as the aspect ratio H/r, where H is the
vertical scale height of the gaseous disk, and the enclosed
stellar mass Menc(r). The latter is calculated assuming

that the steady-state star formation profile shown in the
top panel is maintained for the typical AGN lifetime of
TAGN = 108 years.
Stars or BHBs of mass mbin can migrate radially in the

gaseous disk. The migration regime depends on whether
the binary is sufficiently massive to open a gap. The
criterion for gap-opening is given by g " 1, where (Lin
& Papaloizou 1993; Baruteau et al. 2011)

g ≡
3

4

H

r

!q

3

"−1/3
+

50α

q

#

H

r

$2

. (1)

Here q = mbin/M•, and Ω is the angular velocity of the
disk. Figure 2 shows that for a binary of mass mbin =
60M⊙, g ! 1 across all radii of interest, so the Type I mi-
gration regime applies. The Type I migration timescale
tmig ∼ 1− 100 Myr across radii r ∼ 0.1− 10 pc, suggests
that binaries might migrate towards the central SMBH
during the AGN lifetime. However, these rates are very
sensitive to the thermodynamics of the gas near the bi-
nary, and are sufficiently uncertain (e.g., Paardekooper
& Mellema 2006) that it is difficult to come to a definitive
conclusion.
We estimate the gaseous accretion rate onto the BHB

as

Ṁbin = πρσgasRaccmin[Racc, H ], (2)

where cs is the midplane sound speed, RH ≡
a(mbin/M•)1/3 is the Hill radius for a binary orbiting
the SMBH with semimajor axis a, and ρ is the midplane
gas density of the AGN disk. The accretion radius and
gas velocity dispersion are given by

Ra =
Gmb

σ2
gas

, σgas = [c2s +R2
HΩ

2 + (χrΩ)2]1/2, (3)

where the final term in σgas accounts for the relative
velocity between gas and the BHB produced by noncir-
cularity of the BHB orbit around the SMBH (we define
χ in §3).
Figure 2 shows that Ṁbin decreases from ∼ 105Ṁedd

at 0.1 pc to ∼ Ṁedd at 10 pc. At <
∼ 0.01pc, the ac-

cretion rate onto the binary approaches the rate in the
background AGN disk. These high accretion rates can
drive the binary together through gaseous torques, and
may provide a potentially luminous EM counterpart to
the GW event.

2.2. Stellar Disk Model

We assume that stars forming in a Toomre-unstable
disk will inherit the properties of the disk, meaning that
their initial orbital eccentricities and inclinations will be
E0 ∼ c2s/(2r

2Ω2) and I0 ∼ H/r, respectively. For sim-
plicity, we assume a Keplerian potential in this section,
which is roughly correct for the radial scales of interest,
and consider a stellar disk comprised of single-mass (m)
stars unless otherwise noted.
As a dense stellar system, the evolving disk will un-

dergo internal two-body relaxation and eventually arrive
at a more isotropic state. Collisional disks exist in two
relaxational regimes distinguished by the origin of rel-
ative velocity between stars (Rafikov & Slepian 2010);
they are shear-dominated if ⟨E2⟩ + ⟨I2⟩ " (2m/M•)2/3

Stone+ 2017

X-ray emission from accretion of circumbinary disk prior/after merger 

LX ⇠ 1039
⇣⌘X
0.1

⌘⇣⌘rad
0.1

⌘ Ṁ
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Follow-up across the EM spectrum

Swift

Fermi

X-rays

gamma rays
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optical

Pan-STARRS
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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.
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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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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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SGRBs as EM counterparts

Ruiz+ 2016

Fig.: Magnetic funnel emerging from a 
BH-torus system (BNS merger)

Paschalidis et al. 2015

3

FIG. 1. Snapshots of the rest-mass density, normalized to its initial maximum value (log scale), at selected times before and
after merger. Arrows indicate plasma velocities and white lines show the magnetic field lines. Bottom panels highlight the
system after an incipient jet is launched. Here M = 2.5⇥ 10�2(MNS/1.4M�)ms.

be accreted in �t ⇠ Mdisk/Ṁ ⇠ 0.5(MNS/1.4M�)s. It is
interesting to note that the engine’s fuel – the disk – will
be exhausted on a timescale entirely consistent with the
typical duration of sGRBs: T90 ⇠ 0.5s (see e.g. [53–55]),
where T90 is the time over which 90% of the total counts
of gamma-rays in the detector have occurred.

To understand the mechanism driving the accretion,
we have analyzed the B-fields in the disk. While we
resolve the wavelength of the fastest growing magneto-
rotational-instability mode by at most 5 grid points, we
see some evidence for turbulent B-fields in meridional
slices of the disk. However, turbulence is not fully de-
veloped. Calculating the e↵ective Shakura-Sunyaev ↵
parameter associated with the magnetic stresses (as de-
fined in [46, 47]), we find that in the innermost 12M '
90(MNS/1.4M�)km of the disk and outside ⇠ 5M '
35(MNS/1.4M�)km (a rough estimate for the ISCO), ↵
lies in the range 0.01� 0.04 (see Tab. I), indicating that
the accretion is likely driven by magnetic stresses. These
values of the e↵ective ↵ are smaller than the value 0.1
typically found in local shearing box calculations (see e.g.
[56]) or in GRMHD studies outside the ISCO (see e.g.
[57–59]), but similar to what is found in other GRMHD
simulations including rapidly spinning BHs (a/M ⇠ 0.9)
[60] such as ours. Nevertheless, ↵ may depend on res-
olution [61]: higher resolution is required to accurately
model the magnetically-driven turbulence and hence to
determine the precise lifetime of the remnant disk.

Neither the evolution without B-fields nor the one
with initial B-field confined in the interior, launch jets
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FIG. 2. Rest-mass accretion rates for all cases in Tab. I.
Arrows indicate times tB, tacc, and tjet for case �0 = 0.01.
Time is measured from the (retarded) time of the maximum
GW amplitude, tGW.

or show any evidence for an outflow. Instead, consis-
tent with our earlier studies [27, 43], these runs exhibit
inflows only, even though we evolved them for at least
5000M ' 125(MNS/1.4M�)ms. To date no purely hy-
drodynamic simulation of an accretion disk onto a BH
has shown that jets can be launched. Moreover, the run
with purely poloidal initial B-fields confined in the NS
interior launches no outflow, because the remnant disk
B-field is predominantly toroidal. As disks with toroidal
B-fields confined in disks do not launch jets [62], we do
not expect these configurations to launch jets even if we

Fig.: Magnetic funnel emerging from a 
BH-torus system (NS-BH merger)

• prompt emission bright, but collimated

• low fraction of events, e.g., for NS-NS:

rSGRB = fbeamfjetrBNS

fbeamfjet . 0.3%

rBNS = 10�6Mpc�3yr�1

rSGRB = 3⇥ 10�9Mpc�3yr�1

Abadie+ 2010

Wanderman & Piran 2015

collimation baryon pollution, …

likely rate of coincident detections: ~0.3 yr-1 Metzger & Berger 2012

(but only for all sky EM coverage!)

So far no SGRB with known redshift within 
sensitivity volume of aLIGO for NS-NS (200 Mpc) 

• details of generation remain unclear, coincidence could be “missed” 
(cf. “time-reversal scenario”) Ciolfi & DMS 2015 a,b

• standard afterglows too dim

potentially rewarding counterpart, but unlikely

Daniel Siegel

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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Baryon pollution in BNS mergers
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DMS+ 2014

The Astrophysical Journal Letters, 785:L6 (6pp), 2014 April 10 Siegel, Ciolfi, & Rezzolla

Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
!

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind
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Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

Dessart+ 2009

wind
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Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼0.1c and ∼0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10−2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10−4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10−4–10−2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10−4 ! Mej/M⊙ ! 2 × 10−2 (soft EOSs),

10−4 ! Mej/M⊙ ! 5 × 10−3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2

Hotokezaka+ 2013
Kastaun & Galeazzi 2015

dynamical ejecta 
(from shock-heated interface) 

(~ms)

M
tot

.10�3M�



Baryon pollution in BNS mergers

Daniel Siegel

wind windNS

17

�200

�100

0

100

200

z
[k

m
]

t = 46.5 ms APR4 q10

�400 �200 0 200 400
x [km]

�200

�100

0

100

200

z
[k

m
]

t = 46.5 ms APR4 q09
�0.2

0.0

0.2

v z
/c

�5

�4

�3

�2

�1

0

lo
g 1

0
(p

m
a
g
/p

g
a
s)

�200

�100

0

100

200

z
[k

m
]

t = 31.8 ms H4 q10

�400 �200 0 200 400
x [km]

�200

�100

0

100

200

z
[k

m
]

t = 31.7 ms H4 q09

�0.4

�0.2

0.0

0.2

0.4

v z
/c

�5

�4

�3

�2

�1

0

lo
g 1

0
(p

m
a
g
/p

g
a
s)

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+DMS+ 2017
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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.
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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

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)

DMS & Ciolfi 2016a,b, Metzger+2014, Yu+2013
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Kilonovae

neutron rich dynamical ejecta 
from BNS or NS-BH mergers 

(Ye~0.1-0.4)

heavy radioactive elements

decompression
rapid neutron capture (r-process)

alpha, beta decay

~1s

nuclear fission
further expansion

thermal emission (kilonova)

~ days

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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Tanvir+ 2013

• difficult to distinguish between BNS 
and NS-BH merger

Tanaka+ 2014, Yang+ 2015

• So far 2 candidate events identified 
(GRB 130603B, GRB 060614)
Tanvir+ 2013, Berger+ 2013, Yang+ 2015

“bright enough” !?

currently strongest evidence for SGRB - CBC association 

(quasi isotropic, long lasting, high fraction ?!)
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Kilonovae: red vs. blue
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Figure 4: Di↵erent components of the ejecta from NS-NS mergers and the dependence of
their kilonova emission on the observer viewing angle, ✓

obs

, relative to the binary axis, in
the case of prompt BH formation (top panel) and a long-lived magnetar remnant (bottom
panel). In both cases, the dynamical ejecta in the equatorial plane is highly neutron-rich
(Ye . 0.1), producing lanthanides and correspondingly “red” kilonova emission peaking at
NIR wavelengths. Mass ejected dynamically in the polar directions by shock heating may
be su�ciently neutron-poor (Ye & 0.3; e.g. Wanajo et al. 2014a) to preclude Lanthanide
production, instead powering “blue” kilonova emission at optical wavelengths (although this
component may be suppressed if BH formation is extremely prompt). The outermost layers of
the polar ejecta may contain free neutrons, the decay of which powers a UV transient lasting
a few hours following the merger (§4.1.3). The innermost layers of the ejecta originate from
accretion disk outflows, which are likely to emerge more isotropically. When BH formation
is prompt, this matter is also mainly neutron-rich, powering red kilonova emission (e.g. Just
et al. 2015a,Wu et al. 2016). If the remnant is instead long-lived, then neutrinos from the
NS remnant can increase the electron fraction of the disk outflows to suppress Lanthanide
production and result in blue disk wind emission (Metzger & Fernández 2014; Perego et al.
2014). Energy input from the central accreting BH (top panel) or magnetar remnant (bottom
panel) enhance the kilonova luminosity compared to the purely radioactive-powered case (§4.2)
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Metzger 2016

low Ye  (~0.1)

• high opacity due to Lanthanides, Actinides production

• peak in the NIR, t ~ week

• equatorial, dynamical ejecta

high Ye  (>0.3)

• low opacity, Lanthanides, Actinides production prevented

• peak in the optical, t ~ day

• polar, winds, shock-heated ejecta

Diagnosing BH formation with kilonovae 3445

Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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Magnetar-powered transients

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

4 D. M. SIEGEL & R. CIOLFI

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-

DMS & Ciolfi 2016a

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

Phase I (baryonic wind phase, ~1s):

Phase II (Pulsar ‘ignition’ and pulsar wind shock ~sec-min):

Phase III (Pulsar wind nebula phase ~min-days):
• swept-up material provides cavity for a pulsar 

wind nebula (PWN) in analogy to CCSNe

• NS may collapse to a BH at any time
• EM emission: reprocessed spin-down energy

model predicts broad-band spectrum from radio to gamma rays

• hot, differentially rotating NS
• baryon pollution due to dynamical ejecta,  

neutrino and magnetically driven winds

• cold, uniformly rotating NS
• baryon pollution suppressed        spin-down emission, 

pulsar wind inflates nebula, drives shock through ejecta
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Fig.: Reconstructed X-ray lightcurves (0.3-10 keV)

DMS & Ciolfi 2016b

Daniel Siegel

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

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

• hot ejecta (continuous heating by nebula): emission is in the X-rays

• smoking gun for BNS merger event

Magnetar-powered transients

Electromagnetic signatures of compact binary systems 12/14



What is a promising EM counterpart?

bright    isotropic    long lasting    high fraction    smoking gun for BNS

SGRBs

SGRB afterglows

magnetar powered
transients

kilonovae

dynamical ejecta - ISM

Daniel Siegel

according to the model: 
Magnetar-powered thermal transients represent ideal EM counterpart

!!!

Electromagnetic signatures of compact binary systems
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windNS/BH

NS/BH

Heavy-element formation in BNS merger outflows

Daniel Siegel

Metzger & Fernández 2014, Just+ 2015, Wu+2016, DMS & Metzger 2017a

• post-merger outflows from BH-disk and/or central NS likely 
able to explain entire abundance pattern

13/14

Nucleosynthesis from compact binary mergers 559

Figure 14. Abundance distributions as functions of the atomic mass for
three systems with torus masses of Mtorus = 0.03, 0.1 and 0.3 M⊙ and
a 3 M⊙ BH. All distributions are normalized to the same solar A = 130
abundance. Calculations correspond to the M3A8m03a5, M3A8m1a5 and
M3A8m3a5 models. The dotted circles show the solar r-abundance distri-
bution (Goriely 1999).

Figure 15. Abundance distributions as functions of the atomic mass for
three BH–torus systems with BH masses of MBH = 3, 4 and 6 M⊙ and the
same 0.3 M⊙ tori. All distributions are normalized to the same solar A = 130
abundance. Calculations correspond to the M3A8m3a5, M4A8m3a5 and
M6A8m3a5 models. The dotted circles show the solar r-abundance distri-
bution (Goriely 1999).

composed of 80 to 94 per cent of r-process material, the remaining
6 to 20 per cent being made essentially of 4He. Sensitivity to global
parameters

The abundance distributions are found to be only weakly sensitive
to the torus mass, as shown in Fig. 14 for cases with the same BH
mass and spin and the same viscosity. The differences result from
the two subtle trends that the fraction of material with Ye < 0.2 as
well as the mean entropy slightly increase for lower torus masses.
As can be seen in Fig. 15, the abundance distribution is also found
to be only moderately sensitive to the BH mass. The observed slight
trend towards relatively heavier elements for lower BH masses can
be ascribed to the lower mean electron fractions of the ejecta. In
Fig. 16, we compare the abundance distributions obtained with two
values of the viscosity parameter αvis, both for the type 1 and type
2 prescriptions, as described in Section 2.2. In general terms, the
abundance distribution is quite robust with respect to the viscosity
treatment for the intermediate-mass elements 80 ≤ A ≤ 130, while
it is rather sensitive to the viscosity for the A > 130 elements. We

Figure 16. Abundance distributions as functions of the atomic mass for four
identical BH–torus systems (MBH = 3M⊙; ABH = 0.8; Mtorus = 0.3M⊙)
computed with two different values of the viscosity parameter αvis, namely
αvis = 0.02 and 0.05, and two different prescriptions of the viscosity ten-
sor (cf. Section 3.1). All distributions are normalized so that

!
X = 1.

Calculations correspond to the M3A8m3a2, M3A8m3a5, M3A8m3a2-v2
and M3A8m3a5-v2 models. The dotted circles show the solar r-abundance
distribution (Goriely 1999).

observe that for a higher dynamic viscosity coefficient ηvis a higher
relative amount of A > 130 elements is obtained (remembering also
that the ηvis for the two viscosity types are related by equation 2).
This result can be explained by the fact that a higher dynamic
viscosity leads to a smaller mean electron fraction Ȳe of the ejecta
in our models (cf. Table 2). Sensitivity to r-process heating feedback

In Fig. 17, we compare the average temperatures as well as the
average heating rates for the models with and without radioactive
heating as implemented by the approximate method described in
Section 3.1. Correspondingly, in Fig. 18, we compare the abundance
distributions for these models. The variations introduced by such a
lowest order correction for radioactive heating are only marginal.
Besides minor differences in the abundance distributions, also the
total ejecta masses are hardly affected. With heating Mout increases
from 22.1 to 22.4 per cent and from 22.7 to 22.8 per cent of the origi-
nal torus mass for models M4A8m3a5 and M3A8m1a2, respectively
(see Table 2). This indicates that including the radioactive heating
in a fully consistent manner is not necessary or at least does not
lead to any significant changes of our modelling predictions (see
also Rosswog et al. 2014, where a similar conclusion was drawn
concerning the dynamical ejecta).

3.4.3 Combined nucleosynthesis in the dynamical and disc ejecta

Assuming that the dynamical and disc nucleosynthesis components
are both ejected isotropically, we can combine the yields by sum-
ming up the mass fractions for both components, weighted by their
corresponding total ejected masses. We only combine systems cor-
responding to the same BH mass and spin and the same torus mass
in a roughly consistent manner. For models with 0.03, 0.1 and
0.3 M⊙ tori, the abundance distributions for such combined mod-
els are given in Fig. 19. The dynamical ejecta contribute mainly to
the production of the A > 140 nuclei, whereas the disc ejecta pro-
duce mostly the 90 ≤ A ≤ 140 nuclei. The combined distribution is
in surprisingly good agreement with the Solar system r-abundance
distribution (Fig. 19). However, the relative strength of the second
to the third r-process peak depends sensitively on the ratio be-
tween the amount of mass ejected from the disc and the one ejected

MNRAS 448, 541–567 (2015)
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Fig.: Abundance yields from BH-disk scenario (Just+ 2015)

NS mergers are the prime candidate site for the 
production of heavy (r-process) elements in the Universe

• dynamical (neutron-rich) ejecta cannot explain the 
observed r-process abundance pattern

Just+ 2015, Radice+ 2016

Fig.: Abundance yields from BH-disk scenario (Wu+ 2016)

r-process in NS merger remnant disc outflows 2329

Figure 6. Ejection time tej as a function of time t5 (equation 1), for all
trajectories from the baseline model S-def. Each point is colored by the
electron fraction at time t5.

for t5 ! 1 s. Before ejection, these particles are subject to strong
convective motions in low-temperature regions (T < 5 GK) at a late
phase in the disc evolution. Secondly, the electron fraction Ye,5 of
trajectories ejected at the earlier times is higher. This occurs because
neutrino irradiation plays a larger role in unbinding this early ejecta
and thus naturally raises its Ye,5 to higher values. Consequently,
the rare-earth and third peak abundances are much lower for matter
being ejected at earlier time than for later ejecta, as shown in Fig. 5f.
In particular, the abundance of Lanthanides can differ by almost a
factor of 10 compared to the latest particles. This is consistent
with the results of Fernández et al. (2015a), who on the basis of
the Ye distribution of the ejecta suggested that the wind contains a
Lanthanide-free ‘skin’ – even in the case of a non-spinning BH –
which can generate a small amount of blue optical emission if not
obstructed by neutron-rich dynamical ejecta (Kasen, Fernández &
Metzger 2015).

Note also that a very strong A = 132 abundance spike around the
second peak is formed for ejecta with 2.0 < tej < 10 s. This feature
and its relation to convective motions is the subject of Section 3.3.

3.2 Dependence on model parameters

The effect of changing various disc parameters on the average nu-
cleosynthetic abundances of the outflow is shown in Fig. 7 and
summarized in Table 2. We note that the Solar system r-abundances
shown in Fig. 7 are scaled to match the second peak abundances of
S-def model only. When comparing to abundances of other models,
they should be further re-scaled.

The largest impact of changing disc parameters is obtained when
varying the α viscosity parameter (see Fig. 7d). Since the disc
evolution time-scale is governed by the viscous time tvisc ∝ α−1,
models with lower (higher) viscosity have a longer (shorter) t̄5
relative to the S-def model. The corresponding Ȳe,5 is raised to
higher (lower) values by weak interactions. As a result, model α0.10
(Ȳe,5 = 0.206) has about a factor of 2 higher abundances of third
peak and heavier elements compared to S-def (Ȳe,5 = 0.237). At the
other end, model α0.01 (Ȳe,5 = 0.321) displays a relatively large
first peak (A ≈ 80) while the abundances at and above the second
peak are reduced by roughly an order of magnitude.

The initial disc mass and entropy have a moderate impact (see
Fig. 7a and c). For discs with initially larger (smaller) entropy, the
temperature is higher (lower). As a result, higher (lower) positron
capture rates give rise to a higher (lower) value of Ȳe,5. Similarly,
for a disc with initially larger (smaller) mass, Ȳe,5 is also higher
(lower) because the disc temperature is higher (lower) for fixed en-
tropy, disc radius, and BH mass due to the higher (lower) density.
Smaller changes are obtained when varying the initial electron frac-
tion (see Fig. 7e). Higher (lower) initial Ye leads to a slightly larger
(smaller) third peak and trans-lead abundances. This insensitivity
originates in the fact that, while the outflow itself does not achieve

Figure 7. Dependence of average disc outflow abundances on disc mass (a), BH mass and disc radius (b), initial entropy (c), viscosity parameter (d), initial
electron fraction (e), and BH spin (f). Model parameters are shown in Table 1, with nucleosynthesis results summarized in Table 2. Note that the Solar system
r-abundances are scaled to match the second peak abundances of S-def model only. When comparing to abundances of other models, they should be further
re-scaled.

MNRAS 463, 2323–2334 (2016)
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DMS & Metzger 2017a in prep.
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Conclusions

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

• GRMHD simulations including more physics needed to unravel 
the nature of SGRBs and their (non-) standard afterglows

14/14Electromagnetic signatures of compact binary systems

• EM counterparts to BBH mergers not impossible but unanticipated

ultimate confirmation for CBC-SGRB connection

• SGRBs not very promising EM counterpart, but highly rewarding 
(wide-field gamma-ray follow-up sufficient)

need more detailed models needed for more quantitative predictions

• Magnetar-driven transients potentially most promising EM counterpart

DMS & Metzger 2017b in prep.
Magnetar-powered transient — kilonova connection

DMS & Metzger 2017c in prep.

• Wide-field X-ray follow-up needed
magnetar-powered transients

SGRBs X-ray afterglows (plateaus, extended emission)
SGRBs time-reversal scenario (X-ray precursor and afterglow)

• Kilonovae directly probe heavy element formation
CBC prime candidate site for production of r-process elements, optical/IR follow-up 

DMS & Metzger 2017a in prep.
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Non-standard X-ray afterglows of SGRBs246 B. P. Gompertz, P. T. O’Brien and G. A. Wynn

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

X-ray plateau

X-ray flare

Gompertz+ 2014

• Swift revealed that a large fraction of SGRBs are 
accompanied by long-duration (~102-105s) and 
high-luminosity (~1046-1051erg/s) X-ray afterglows

• total energy can be higher than that of the SGRB

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

challenges BH-torus 
paradigm for SGRBs

Swift

Daniel Siegel AppendixElectromagnetic signatures of compact binary systems



Post-merger evolution: the pulsar wind nebula

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

Siegel & Ciolfi 2016a

4 D. M. SIEGEL & R. CIOLFI

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

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

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

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

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

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

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

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

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

thermal emission
Pulsar wind nebula:

complicated radiative interactions,
non-thermal photon and particle spectra

gas of electrons, positrons, photons

• synchrotron cooling and self-absorption

• (inverse) Compton scattering

• Thomson scattering

• pair production and annihilation

• Photon escape

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

Photon balance equation:

0 = ṅ0 + ṅA + ṅNT
C + ṅT

C + ṅsyn � c

Rn
n(�⌧NT

C +�⌧��)� ṅesc

Particle balance equation:

0 = Q(�) + P (�) + ṄC,syn(�)

Daniel Siegel Electromagnetic signatures of compact binary systems Appendix



Post-merger evolution: evolution equations

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

4 D. M. SIEGEL & R. CIOLFI

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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Post-merger EM emission

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

Fig.: X-ray light curves and effective temperature evolution (example)

• heating by r-process nucleosynthesis typically subdominant up to  t ~ 1d

• at timescale of peak brightness, predominantly thermal emission in the X-rays 
(continuous heating by the nebula)

Siegel & Ciolfi 2016b
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Ṁin = 10�3 M�

tdr = 0.1 s

tdr = 10 s

 = 10 cm2 g�1

fcoll = 0.1,
B̄ = 3 ⇥ 1016 G
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soft X-rays

Daniel Siegel

• degree of ionization of ejecta matter important: 
if low, peak might be shifted toward lower frequencies

Electromagnetic signatures of compact binary systems Appendix


