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BNS mergers and EM counterparts
binary neutron star (BNS) mergers and          

neutron star-black hole (NS-BH) binary mergers 

among the most promising gravitational 
wave sources for advanced LIGO and Virgo

detection rate    best expectation

rewards of a combined 
GW-EM detection:

~40/yr~(0.4-400)/yrBNS

NS-BH ~10/yr~(0.2-300)/yr

Abadie et al. 2010

• observed EM signals would incredibly enhance the chances of GW detection

• EM follow-up observations of a detected GW source is the ultimate way to unravel 
the nature of the system, by providing crucial and complementary information

• luminosity distance form GWs and redshift from EM signals will allow to measure H0

• joint GW-EM signals can confirm the astrophysical origin of short gamma-ray bursts



NS SPINDOWN

EM counterparts to BNS mergers
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EM counterparts to BNS mergers
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Off-axis SGRB and jet afterglows

• forward shock emission          
(canonical afterglow)                   

- X-rays, but also optical and radio
- well studied for long GRBs

• off-axis emission: 
structured jet

• off-axis emission: cocoon emission 

Lazzati et al. 2017

Salafia et al. 2015



MAGNETAR MODEL

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

LONG-LIVED NS IS A VERY LIKELY OUTCOME OF A BNS MERGER!

sim. & vis.: Wolfgang Kastaun

BNS

SMNS / HMNS .. .. or STABLE NS

BH + TORUS

BH + TORUS

prompt 
collapse

• observation of               NSs

• rotation allows to support higher masses

• progenitor masses peak around                          BMP mass likely

Lasota et al. 1996

Demorest et al. 2010,  Antoniadis et al. 2013

Belczynski et al. 2008

⇠ 2 M�

1.3� 1.4 M� < 2.5 M�
Lattimer 2012  

Msupra ⇠ 1.2 MTOV & 2.4 M�



EM emission from the long-lived NS remnant

Siegel & Ciolfi 2016a,b

• spindown-powered transients studied 
only recently Yu et al. 2013

Metzger & Piro 2014
e.g. 

• differentially rotating NS remnant     
matter ejection as baryon-loaded wind 
(neutrino- and/or magnetically-induced)  

• radiation reprocessed by the ejecta,       
finally escaping

• uniformly rotating NS                      
dipole spindown radiation inflates a 
photon-pair plasma nebula inside        
ejecta cavity

• along the evolution, NS can collapse to BH  
(if supramassive)



EM emission from the long-lived NS remnant

• signal peaks at 102-104 s (similar range for 
duration), with ~10-100 s delayed onset

• luminosities 1046-1048 erg/s

• mostly in the soft X-rays 

Luminosity in 
soft X-ray band 
(0.3-10 KeV)non-collapsing 

models

collapsing 
models

Siegel & Ciolfi 2016a,b



figure by S. Vinciguerra

Conclusions

• signals closely related to SGRB jet evolution (side emission, 
cocoon, forward shock afterglows..)

• spindown-powered transients from                                                        
long-lived merger remnant (massive NS)

X-ray emission from BNS mergers include 

next step:

in collaboration 
with S. Ascenzi

PRELIMINARY!

from semi-analytical 1D models 
to 2D hydro simulations



BACKUP SLIDES



X-ray flashes powered by NS spindown
Ciolfi 2016

• spindown-powered X-ray emission from 
long-lived NSs matches the high-energy 
emission of soft XRFs (those emitting no 
gamma-rays)

• are all XRFs really a subclass of long GRBs?

X-rays

• lack of gamma-rays

• mainly thermal

• black body T and its evolution

• luminosity

• duration

spectral
properties

lightcurve
properties



EM emission from the long-lived NS remnant

I

II

III

set of coupled ODEs 
for the evolution

balance equation for 
photons and particles 

+

isotropy     1D model

Siegel & Ciolfi 2016a, 2016b



Ciolfi et al. 2017

long-lived NS

BH-disk

baryon-loaded funnel

baryon-free funnel

vs

PROBLEM OF THE MAGNETAR MODEL:  

 strong baryon pollution can choke the                           
formation of a relativistic jet

      HARD TO EXPLAIN THE SGRB PROMPT EMISSION

e.g., Dessart et al. 2009, Hotokezaka et al. 2013, Siegel et al. 2014
Nagakura et al. 2014, Murguia-Berthier et al. 2016



“Time-reversal” scenario for SGRBs

NS

ejecta

X-rays
I

nebula

NS

ejecta

shocked ejecta

X-rays

II

sh
o
ck

nebula

BH-torus
shocked
ejecta

X-rays

III

jet

SGRB

(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



Electromagnetic emission in the TR scenario
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The spin-down emission is given off before but     
(in part) observed after the prompt SGRB radiation
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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.
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Comparison with SGRB afterglows

• signals cover the right band 
(soft X-rays)

• very nice match with range 
of durations and luminosities

• no observations of early rising

• second plateau explained only for 
collapsing models

• flares explained as transition to 
optically thin ejecta? 

broad characteristics 
in good agreement

but with a closer look..



TR scenario - implications

afterglows as seen by the 
observer assuming SGRB 

(trigger) at merger



TR scenario - implications

afterglows as seen by the 
observer assuming SGRB 

(trigger) at collapse

improved match assuming 
the time-reversal scenario!



sky localization (90% confidence level)

GW detector network

3 detectors 4 detectors


