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Introduction: SGRBs

central engine is a black hole 
surrounded by hot thick torus 

      end result of a binary        
neutron star (BNS) or mixed 

binary (NS-BH) merger

Rezzolla et al.         
2011
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Figure 1. Snapshots at representative times of the evolution of the binary and of the formation of a large-scale ordered magnetic field. Shown with a color-code
map is the density, over which the magnetic-field lines are superposed. The panels in the upper row refer to the binary during the merger (t = 7.4ms) and before
the collapse to BH (t = 13.8ms), while those in the lower row to the evolution after the formation of the BH (t = 15.26ms, t = 26.5ms). Green lines sample
the magnetic field in the torus and on the equatorial plane, while white lines show the magnetic field outside the torus and near the BH spin axis. The inner/outer
part of the torus has a size of ⇠ 90/170 km, while the horizon has a diameter of ' 9 km.

netic field with a maximum strength of 1012 G (indicated as
M1.62-B12 in Giacomazzo et al. 2011). At this separa-
tion, the binary loses energy and angular momentum via emis-
sion of gravitational waves (GWs), thus rapidly proceeding on
tighter orbits as it evolves. After about 8ms (� 3 orbits) the
two NSs merge forming a hypermassive NS (HMNS), namely,
a rapidly and differentially-rotating NS, whose mass, 3.0M�,
is above the maximum mass, 2.1M�, allowed with uniform
rotation by our ideal-gas EOS8 with an adiabatic index of 2.
Being metastable, a HMNS can exist as long as it is able to
resist against collapse via a suitable redistribution of angu-
lar momentum (e.g. deforming into a “bar” shape, Shibata &
Taniguchi 2006; Baiotti et al. 2008), or through the pressure
support coming from the large temperature-increase produced
by the merger. However, because the HMNS is also losing an-
gular momentum through GWs, its lifetime is limited to a few
ms, after which it collapses to a BH with mass M = 2.91M�
and spin J/M2 = 0.81, surrounded by a hot and dense torus
with mass Mtor = 0.063M� (Giacomazzo et al. 2011).

3. DYNAMICS OF MATTER AND MAGNETIC FIELDS

These stages of the evolution can be seen in Figure 1,
which shows snapshots of the density color-coded between
109 and 1010 gr/cm3, and of the magnetic field lines (green

8 The use of a simplified EOS does not influence particularly our results
besides determining the precise time when the HMNS collapses to a BH.

on the equatorial plane and white outside the torus). Soon
after the BH formation the torus reaches a quasi-stationary
regime, during which the density has maximum values of
� 1011 g/cm3, while the accretion rate settles to Ṁ ⇥
0.2M�/s. Using the measured values of the torus mass
and of the accretion rate, and assuming the latter will not
change significantly, such a regime could last for taccr =
Mtor/Ṁ ⇥ 0.3 s, after which the torus is fully accreted; fur-
thermore, if the two NSs have unequal masses, tidal tails are
produced which provide additional late-time accretion (Rez-
zolla et al. 2010). This accretion timescale is close to the typi-
cal observed SGRB durations (Kouveliotou et al. 1993; Nakar
2007). It is also long enough for the neutrinos produced in
the torus to escape and annihilate in its neighborhood; es-
timates of the associated energy deposition rate range from
� 1048 erg/s (Dessart et al. 2009) to � 1050 erg/s (Setiawan
et al. 2004), thus leading to a total energy deposition between
a few 1047 erg and a few 1049 erg over a fraction of a second.
This energy would be sufficient to launch a relativistic fire-
ball, but because we do not yet account for radiative losses,
the large reservoir of thermal energy in the torus cannot be
extracted in our simulations.

The GW signal of the whole process is shown in the left
panel of Figure 2, while the bottom part exhibits the evolu-
tion of the MHD luminosity, LMHD, as computed from the
integrated Poynting flux (solid line) and of the correspond-

leading model of short 
gamma-ray bursts (SGRBs)

BNS and NS-BH binary mergers are among the 
most promising sources of gravitational waves

likely of rate ~40/yr for Advanced LIGO and Virgo
possibility of combined GW-EM detection!

Paczynski 1986, Eichler et al. 1989
Narayan et al. 1992,  Barthelmy et al. 2005,

Fox et al. 2005,  Gehrels et al. 2005,  …
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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

Paschalidis et al.     
2014



MAGNETAR MODEL

X-ray emission         spindown of a uniformly 
rotating NS with a strong surface magnetic field

& 1014 � 1015 G

dipole 
spindown Lsd(t) ⇠ B2R6⌦4
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✓
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Rowlinson et al. 2013
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Figure 8. SGRB BAT-XRT restframe lightcurves fit with the magnetar model. The light grey data points have been excluded from the fit. The dashed line
shows the power-law component and the dotted line shows the magnetar componenet.

c⃝ 000 RAS, MNRAS 000, 1–??

Signatures of magnetar central engines in short GRB lightcurves 13

Figure 8 – continued

quired by the observed data which can be fitted by simple broken
power-law models. In some cases, the best fitting magnetar model
gives a plateau phase ending prior to the start of the XRT observa-
tions (e.g. 060801). In this situation, the fit is being constrained
by the curving of the magnetar energy injection from a plateau
phase to a powerlaw decline giving a characteristic curvature in the
lightcurve (described by Equation 6). Therefore, the fitted model
does not rely upon data during the plateau phase but instead uses
the whole shape of the lightcurve. This leads to the model predition
that those GRBs have a magnetar plateau phase which has not been
directly observed, this can be used to test the model if we are able to
observe SGRBs much sooner after the prompt emission with future
X-ray telescopes.

When fitting GRB 060313, which may show evidence of late
time central engine activity (Roming et al. 2006), it was noted that
the model fits part of the lightcurve extremely well. In this case,
we ignored the observations between 50 – 200 s (the initial X-ray
data) in the fit as this duration appears to be dominated by flares. If
these data are included in the fit, then the model does not fit the data
well. The model fits well to GRB 090515 predicting values similar
to those given in Rowlinson et al. (2010a).

In some cases, the model used here under predicts the flux at
late times (for example GRBs 091109B, 100702A and 120305A).
This shows that our simple power law component, given by a sim-
ple curvature effect model, is not sufficient and we should include
spectral evolution or there may also be an additional afterglow com-
ponent which has been neglected in this model.

3.3 Analysis

In Figure 9(a) we show the spin periods and magnetic fields deter-
mined for our sample of GRBs assuming isotropic emission. We
also plot the LGRB candidates identified by Lyons et al. (2010),
Dall’Osso et al. (2011) and Bernardini et al. (2012), the SGRB can-
didates tend to have higher magnetic field strengths and spin pe-
riods. In Figure 9(b), we confirm the change in magnetic field
strength and spin period caused by uncertainties in redshift ex-
pected from previous analysis of GRB 090515 (Rowlinson et al.
2010a). 18 of the SGRBs fitted by the magnetar model lie within
the expected region of the magnetic field strength and spin peri-
ods, these are the magnetar candidates listed in Table 2. 10 GRBs
are outside the expected region (the possible candidates in Table
2). These GRBs may be in the expected (unshaded) region if they
were at a higher redshift as shown in Rowlinson et al. (2010a) and
Figure 9(b). Additionally, this region is defined using angular mo-
mentum conservation during the AIC of a WD (Usov 1992) and is
not a physically forbidden region. Therefore, the candidates with
spin periods >10 ms may remain good candidate magnetars. GRB
051210 is included in the possible candidates list as it is spinning
faster than is allowed in the models, but it is worth noting that if
the NS formed had a mass of 2.1M⊙ then it would reside within
the allowed region, as more massive NSs are able to spin at a faster
rate. It is also worth noting that if GRB 051210 occurred at a lower
redshift, as shown in Figure 9(b), or if the emission is significantly
beamed then the spin period and magnetic field strengths would
be higher and GRB 051210 would not be near to the spin break
up period. The unstable magnetar candidates tend to have higher

c⃝ 000 RAS, MNRAS 000, 1–??
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Figure 2. Light curves fit with the magnetic dipole spin-down model. Red points have been fitted to, grey points have not, most
noticably the late-time flare in GRB 050724 and the ∼ 400 s flare in GRB 070714B. The vertical dashed lines indicate the extended
emission region, between which extended emission energy is calculated by integrating under the curve.

where Tem,3 is the characteristic timescale for dipole spin-
down in 103 s, L0,49 is the plateau luminosity in 1049 erg s−1,
I45 is the moment of inertia in units of 1045 g cm2, Bp,15 is
the magnetic field strength at the poles in units of 1015 G,
R6 is the radius of the neutron star in 106 cm and P0,−3 is
the spin period of the magnetar in milliseconds. The mass of
the magnetar was set to 1.4 M⊙ and the radius was 106 cm.
Using these values, the moment of inertia, I, is 9.75 × 1044

g cm2. Equations 1 – 4 are taken from Zhang & Mészáros
(2001) and were combined into a qdp COmponent Defini-
tion (COD) file for fitting to data by Rowlinson et al. (2013)

during their work. This COD file was used to obtain fits as
previously in the current work. It has been assumed that
emission is both isotropic and 100% efficient, since little is
known about the precise emission mechanism and beaming
angle. Lyons et al. (2010) discussed the effects of beaming
in the context of the magnetar model, and showed that a
narrower opening angle results in higher B and P (slower
spin). This is illustrated by their Figure 4.

The magnetic dipole spin-down model was fitted to the
late time data of the rest-frame light curves of 9 GRBs
with EE. Of the original sample of 14 bursts, 5 did not

c⃝ ???? RAS, MNRAS 000, 1–7
Gompertz et al. 2013

• SWIFT revealed that most SGRBs are accompanied by 
long-duration                           and high-luminosity                                 
X                           X-ray afterglows

• total energy can be higher than the SGRB itself

• hardly produced by BH-torus system - they suggest 
ongoing energy injection from a long-lived NS

(1046 � 1051 erg/s)
(⇠ 102 � 105 s)

Zhang & Meszaros 2001
Metzger et al. 2008

X-ray afterglows of SGRBs



Product of BNS mergers

• observation of               NSs

• progenitor masses peak around                             BMP mass likely

• stable NS obtained in GR BNS merger simulations

sim. & vis.: Wolfgang Kastaun

Giacomazzo & Perna 2013

Demorest et al. 2010
Antoniadis et al. 2013

Belczynski et al. 2008

LONG-LIVED NS IS A LIKELY OUTCOME OF THE MERGER

BNS

SMNS / HMNS .. .. or STABLE NS

BH + TORUS

BH + TORUS

prompt 
collapse

⇠ 2 M�

1.3� 1.4 M� < 2.5 M�



BNS

SMNS / HMNS .. .. or STABLE NS

BH + TORUS

BH + TORUS

prompt 
collapse

PROBLEM OF THE LONG-LIVED NS MODEL :   

 strong baryon pollution can choke the                           
formation of a relativistic jet 

      HARD TO EXPLAIN THE SGRB PROMPT EMISSION

Product of BNS mergers

e.g., Dessart et al. 2009, Hotokezaka et al. 2013, Siegel et al. 2014

sim. & vis.: Wolfgang Kastaun



The SGRB dichotomy

• Observational picture:  magnetar model

can explain X-ray afterglows

cannot explain prompt SGRB emission

• Numerical relativity picture:  prompt BH-torus formation

can explain prompt SGRB emission

cannot explain X-ray afterglows

The Astrophysical Journal Letters, 732:L6 (6pp), 2011 May 1 Rezzolla et al.

Figure 1. Snapshots at representative times of the evolution of the binary and of the formation of a large-scale ordered magnetic field. Shown with a color-code map is
the density, over which the magnetic-field lines are superposed. The panels in the upper row refer to the binary during the merger (t = 7.4 ms) and before the collapse
to BH (t = 13.8 ms), while those in the lower row to the evolution after the formation of the BH (t = 15.26 ms, t = 26.5 ms). Green lines sample the magnetic field
in the torus and on the equatorial plane, while white lines show the magnetic field outside the torus and near the BH spin axis. The inner/outer part of the torus has a
size of ∼90/170 km, while the horizon has a diameter of ≃9 km.

(indicated as M1.62-B12 in Giacomazzo et al. 2011). At this
separation, the binary loses energy and angular momentum via
emission of gravitational waves (GWs), thus rapidly proceeding
on tighter orbits as it evolves. After about 8 ms (∼3 orbits), the
two NSs merge forming a hypermassive NS (HMNS), namely,
a rapidly and differentially rotating NS, whose mass, 3.0 M⊙,
is above the maximum mass, 2.1 M⊙, allowed with uniform
rotation by our ideal-gas EOS8 with an adiabatic index of 2.
Being metastable, an HMNS can exist as long as it is able
to resist against collapse via a suitable redistribution of angu-
lar momentum (e.g., deforming into a “bar” shape; Shibata &
Taniguchi 2006; Baiotti et al. 2008), or through the pressure
support coming from the large temperature increase produced
by the merger. However, because the HMNS is also losing an-
gular momentum through GWs, its lifetime is limited to a few
ms, after which it collapses to a BH with mass M = 2.91 M⊙
and spin J/M2 = 0.81, surrounded by a hot and dense torus
with mass Mtor = 0.063 M⊙ (Giacomazzo et al. 2011).

8 The use of a simplified EOS does not particularly influence our results
besides determining the precise time when the HMNS collapses to a BH.

3. DYNAMICS OF MATTER AND MAGNETIC FIELDS

These stages of the evolution can be seen in Figure 1, which
shows snapshots of the density color-coded between 109 and
1010 g cm−3, and of the magnetic-field lines (green on the
equatorial plane and white outside the torus). Soon after the BH
formation the torus reaches a quasi-stationary regime, during
which the density has maximum values of ∼1011 g cm−3,
while the accretion rate settles to Ṁ ≃ 0.2 M⊙ s−1. Using
the measured values of the torus mass and of the accretion rate,
and assuming the latter will not change significantly, such a
regime could last for taccr = Mtor/Ṁ ≃ 0.3 s, after which the
torus is fully accreted; furthermore, if the two NSs have unequal
masses, tidal tails are produced which provide additional late-
time accretion (Rezzolla et al. 2010). This accretion timescale
is close to the typical observed SGRB durations (Kouveliotou
et al. 1993; Nakar 2007). It is also long enough for the
neutrinos produced in the torus to escape and annihilate in its
neighborhood; estimates of the associated energy deposition rate
range from ∼1048 erg s−1 (Dessart et al. 2009) to ∼1050 erg s−1

(Setiawan et al. 2004), thus leading to a total energy deposition

2

Possible solution:  “time-reversal” scenario

10 A. Rowlinson et al.

Figure 8. SGRB BAT-XRT restframe lightcurves fit with the magnetar model. The light grey data points have been excluded from the fit. The dashed line
shows the power-law component and the dotted line shows the magnetar componenet.

c⃝ 000 RAS, MNRAS 000, 1–??

Ciolfi & Siegel 2015a



“Time-reversal” phenomenology

(I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and 
highly isotropic wind
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III

jet
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Siegel et al. 2014

(see also Siegel & Ciolfi 2015a)

Ciolfi & Siegel 2015a, ApJ Letters 798, L36

Dessart et al. 2009



“Time-reversal” phenomenology I

60 ms evolution           
for 3 geometries

dipole 60
dipole 6
random

differential rotation 
powers baryon-loaded 

and magnetized outflow

for all MF geometries 
the outflow has an 

isotropic component

collimation depends 
strongly on MF 

geometry

Siegel et al. 2014
Siegel & Ciolfi 2015a



“Time-reversal” phenomenology

NS
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(I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and 
highly isotropic wind

(II)  The cooled-down and uniformly rotating NS emits spin-down radiation 
inflating a photon-pair nebula that drives a shock through the ejecta

Ciolfi & Siegel 2015a, ApJ Letters 798, L36



“Time-reversal” phenomenology II

nebula

NS

ejecta

shocked ejecta

X-rays

II

sh
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• uniformly rotating NS emits spin-down 
radiation and inflates a photon-pair nebula

Lsd ' 1.5⇥ 1049B2
p,15R

3
6P

�4
in,�3(1 + t/tsd)

�2 erg s�1

tsd ' 2.7⇥ 103B�2
p,15R
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6 P 2

in,�3 s

• high photon pressure drives a strong shock 
through the ejecta, sweeps up material into 
a thin shell

nebula

BH-torus
shocked
ejecta

X-rays

III

jet

SGRB

• nebula energy rapidly heats up and 
accelerates the ejecta shell (up to mildly 
relativistic speeds)

Metzger & Piro 2014
analogies with PWNe           
(see talk by D. Siegel)



“Time-reversal” phenomenology
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(I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and 
highly isotropic wind

(II)  The cooled-down and uniformly rotating NS emits spin-down radiation 
inflating a photon-pair nebula that drives a shock through the ejecta

(III) The NS collapses to a black hole (BH), a relativistic jet drills through the 
nebula and the ejecta shell and produces the prompt SGRB, while spin-down 
emission diffuses outwards on a much longer timescale, producing the X-ray 
afterglow

Ciolfi & Siegel 2015a, ApJ Letters 798, L36



“Time-reversal” phenomenology III

nebula
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jet

SGRB• at                   the NS collapses to a 
BH-torus system

t
coll

⇠ t
sd

• nebula and ejecta represent an optically thick environment

large fraction of spin-down energy is still trapped 
and diffuses outwards on much longer timescale

spin-down energy acquires substantial delay 
before emerging and producing the X-rays 

transient jet is formed in                     
drills through the ejecta and generates 
the SGRB

. 0.01�1 s



Electromagnetic emission
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The spin-down emission is given off before but     
(in part) observed after the prompt SGRB radiation

10 A. Rowlinson et al.

Figure 8. SGRB BAT-XRT restframe lightcurves fit with the magnetar model. The light grey data points have been excluded from the fit. The dashed line
shows the power-law component and the dotted line shows the magnetar componenet.

c⃝ 000 RAS, MNRAS 000, 1–??



Discussion: evidence

• delay times can explain observed X-ray afterglow 
durations

• proposed new scenario to solve SGRB-X-ray afterglow 
dichotomy “time-reversal” scenario

attractive alternative to current models

Evidence:

• potential observation of X-ray plateau with 
SGRB in between

indication of time reversal

• potential observation of an orphan event 
without SGRB

isotropy of afterglow
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Implications:
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• SGRBs with X-ray afterglows (majority of 
observed events) originate from BNS 
mergers        no BH-NS progenitors

• SMNS constraints on EOS in combination 
with a mass estimate

• peak amplitude of GW emission separated 
from SGRB by lifetime of the NS

Ciolfi & Siegel 2015b

Discussion: implications



GW and EM observations

• peak amplitude of GW emission separated from SGRB by lifetime of the NS
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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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very precise measurement of the NS lifetime!

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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Following steps

• GRMHD simulations of   
BNS mergers

(Ciolfi, Kastaun, Giacomazzo, Siegel)

• 1D dynamical model to describe 
phase II and phase III                     

realistic light curves 
and spectra

Siegel & Ciolfi 2015b, 2015c       
arXiv:1508.07911 arXiv1508.07939

much larger spatial scales and time scales 
NOT covered by GRMHD simulations

long post-merger evolution

SMNS properties 

mass ejection, winds

(see talk by D. Siegel)
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Short gamma-ray bursts from binary neutron star mergers: the time-reversal scenario 

Siegel D.M., Ciolfi R., Rezzolla L. (2014) ApJ Letters 785, L6
Magnetically driven winds from differentially rotating neutron stars and X-ray afterglows of short 
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time = 45 ms

rand

wind

rest-mass density evolution

• rest-mass density 
of the wind 

• ejection speed

• mass loss rate

• mostly isotropic!

⇢ ⇠ 108 g/cm3
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Baryon-loaded wind



Precursors of short GRBs 3
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Fig. 1.— Swift/BAT mask-weighted light curves (15–150 keV) of short GRBs with possible precursor activity. Dashed vertical lines
mark the precursor duration. The precursors of GRB080702A and GRB050724 are shown in greater detail in the insets. For comparison,
we also show the background-subtracted light curves of Fermi/GBM (090510 and 081024A) and Suzaku/WAM (091117).

that the feature is spurious. Possible explanations are
the smaller effective areas compared to BAT, or a pre-
cursor with a soft spectrum, e. g. peaking in the BAT
energy range, as also expected on theoretical grounds.

2.2. Imaging analysis

In order to further check whether the excess in the light
curve is related to the GRB, we produced a background-
subtracted sky image in the interval of the candidate pre-
cursor and searched for a source at the GRB position.

Troja et al. 2010

SGRB precursors



Timing argument

The scenario cannot hold unless the maximum delay 
is at least as large as the observed afterglow duration

• from observations: t
coll

& t
sd

1072 A. Rowlinson et al.

Figure 8 – continued
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Diffusion timescales

use lower limit to check the timing criterion
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Figure 8 – continued

�t
afterglow

• for parameter 
ranges considered:

tdelayNS > 3⇥ 104 s

tdelayNS & 105 s (Bp . 1015 G)

generally: tdelay
NS

& �t
afterglow

parameter ranges:

B
p

⇠ 1014�1016 G

P
in

⇠ 0.5�5ms

t
dr

⇠ 0.1�10 s
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1.3� 1.4 M�

most likely progenitor 
mass combination

M ⇠ 0.9(M1 +M2 � 0.1)

M ⇠ 2.34 M�

( Mb ⇠ 2.87 M� )

Belczynski et al. 2008

EOS constraint for a SMNS

APR4

H4

Ciolfi & Siegel 2015b



progenitor 
mass combination

M ⇠ 0.9(M1 +M2 � 0.1)

H4

APR4

1.4� 1.4 M�

M ⇠ 2.43 M�

( Mb ⇠ 2.98 M� )

EOS constraint for a SMNS
Ciolfi & Siegel 2015b
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mass combination

M ⇠ 0.9(M1 +M2 � 0.1)

( Mb ⇠ 3.2 M� )
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EOS constraint for a SMNS
Ciolfi & Siegel 2015b



• 1D dynamical model to describe 
phase II and phase III on large 
time and spatial scales 

ideal EM counterpart to the 
GW signal

Siegel & Ciolfi 2015b, 2015c

EM emission from long-lived                                 
BNS merger remnants

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-

• bright (up to                         )
• long-lasting (typically         )
• isotropic
• associated with a large fraction of BNS 

merger events
• clear distinction NS-NS vs NS-BH

LX ⇠ 1048 erg/s

104 s



• 1D dynamical model to describe 
phase II and phase III on large 
time and spatial scales 

light curves 
and spectra

Siegel & Ciolfi 2015b, 2015c

NO SMNS collapse

SGRB prompt emission         
@ merger

EM emission from long-lived BNS merger remnants
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SGRB prompt emission @ 
SMNS collapse
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EM emission from long-lived BNS merger remnants


