
Pietro Ubertini, IAPS-INAF
on behalf of the INTEGRAL Gravitational Team

INTEGRAL GW Team members:

A.	Bazzano,	E.	Bozzo,	S.	Brandt,	J.	Chenevez, T.	J.-L.	Courvoisier,	R.	Diehl,	A.	Domingo,	C.	Ferrigno,
L.	Hanlon, E.	Kuulkers,	 E.	Jourdain,	A.	von	Kienlin,	P.	Laurent,	F.	Lebrun,	A.	Lutovinov,	A.	Martin-
Carrillo,	S.	Mereghetti,	L.	Natalucci,	J.	Rodi, J.-P.	Roques, V.	Savchenko,	R.	Sunyaev,	and	P.	Ubertini,
et	al….

P.	Ubertini,	IAPS-INAF

New	physics with	gravitational waves,	December 18,	2017,	E.	Fermi	building,	Aula	7	– Dip.	di	Fisica	

INTEGRAL	rivela raggi Gamma	da	due	stelle di	neutroni collassate



P.	Ubertini

INTEGRAL  ESA M2 mission of the 
Horizon 2000 program, launched 2002

INTEGRAL main features: (Key for GW prompt and afterglow science)

ü 3 keV-10 MeV energy range with unprecedented sensitivity
ü All-sky monitor capability in the range 80 keV - 2.5 MeV
ü Very elliptical orbit with duty cycle >85% and all-sky coverage
ü Long uninterrupted observations 2.7days 6 h perigee passage
ü Wide FoV: ≈ 100-1000 deg2 plus..
ü High time resolution: <120 μs absolute
ü Arc min angular and keV energy resolution and
ü Unique polarimetry capabity

INTEGRAL is the link between the soft X-ray and high energy γ-ray



In	fact,	INTEGRAL	has	observed	
5	out	of	6	BH-BH		mergers	

LIGO-VIRGO	detection INTEGRAL	Observation
GW150914 Savchenko et	al.,	ApJL,	820,	2,	L36,	2016,	Abbot	et	al.,	ApJL,	826,	L13,	2016

Abbot	et	al.,	ApJS.,	225,	8A,	2016
LVT151012 Savchenko et	al.,	A&A,	603,	A46,	2017
GW151226 Missed,	pergee passage
GW170104 Savchenko et	al.,	ApJL,	2017	
GW170814 Savchenko et	al.,	GCN	
GW170817 NS-NS	Inspiral Savchenko	et	al.,	ApJL 848,	L15,	2017,	Abbott	et	al.,	ApJL 848,	L12,	2017

Abbott	et	al.,	ApJL 848,	L13,	2017
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However , one of the main expected source 
of GW is the inspiral of binary NS:

GW170817 = GRB170817A
is the text book case!!

Small	BH,	or
Massive	NS	(EoS still	realistic?),
New	physics	object?.....
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The alerts are promptly distributed 
to observers from radio to 
gamma-ray, who made the 
agreements with LIGO/Virgo 
collaboration

LIGO/Virgo - INTEGRAL MoU was 
lead by the project scientist, ISDC, 
and institutes from the entire 
INTEGRAL collaboration

Very extended localization creates 
special challenges Follow-up of GW150914

Electromagnetic
follow-up challenges: 
localization

Only INTEGRAL, Konus

Before	GW	170817	there	were	2	missing	informations:
a signal	in	gamma-ray	contemporary	to	the	LVC	trigger	and	an
accurate	error	box:	INTEGRAL	and	FERMI	have	detected	for	
the	first	time	a	quasi-simultaneous	GRB,	and	refined	in	real	
time	the	error	box		that	VIRGO	improved	drammatically



INTEGRAL	Sensitivity	to	GW170817	direction

Scientific Collaboration & Virgo Collaboration 2017b), which
is consistent with the Fermi-GBM localization of GRB
170817A (von Kienlin et al. 2017). The most accurate
localization so far has been derived by the LALInferrence
pipeline (LIGO Scientific Collaboration & Virgo Collaboration
2017c); this is the localization we use in this Letter.

A massive follow-up campaign of the LIGO–Virgo high-
probability region by optical robotic telescopes started
immediately after the event and on 2017 August 18 between
1:05 and 1:45 UT; three groups reported independent
detections of a transient optical source at about 10 arcsec from
the center of the host S0 Galaxy NGC4993; this source was
dubbed SSS17a (Coulter et al. 2017; D. A. Coulter et al. 2017,
in preparation) or DLT17ck (Valenti et al. 2017; Yang et al.
2017); the transient source was confirmed by DESGW
+Community Team (2017; see also Soares-Santos et al.
2017). The source was identified as the most probable optical
counterpart of the BNS merger (Foley 2017; Siebert et al.
2017). After that, it was followed at all wavelengths. The
counterpart has been given the official IAU designation
“AT 2017gfo” (LIGO Scientific Collaboration et al. 2017, in
preparation).

During early observations by the Swift satellite from 53.8 to
55.8 ks after the LVC trigger an ultraviolet (UV) transient with u
magnitude 17 was detected; an X-ray upper limit was set at an
order of magnitude below the typical luminosity of an sGRB
afterglow, as determined from the sample of Swift Burst Alert
Telescope (BAT) triggered objects. It was suggested that the
object may be a blue (i.e., lanthanide-free) kilonova (Evans et al.
2017). Infrared spectroscopy with X-shooter on the ESO Very
Large Telescope UT 2 covered the wavelength range
3000–25000 Å and started roughly 1.5 days after the GW event
(D’Elia et al. 2017). As reported in E. Pian et al. (2017, in
preparation), strong evidence was found for r-process nucleo-
synthesis as predicted by kilonova models (e.g., Tanaka et al.
2017). Gemini spectroscopic observations with the Flamingos-2
instrument taken 3.5 days after the GW event revealed a red
featureless spectrum, again consistent with kilonova expectations
(Troja et al. 2017a, 2017b). Optical spectra collected 1.5days
after the GW event with the ESO New Technology Telescope at
La Silla equipped with the EFOSC2 instrument in spectroscopic
mode excluded a supernova as being the origin of the transient
emission (Lyman et al. 2017). Thus, the properties of the source
are fully consistent with the kilonova scenario (see Metzger 2017
for a review). A kilonova is primarily powered by the radioactive
decay of elements synthesized in the outflow, which produce
gamma-ray lines. These may also be directly detectable in the
gamma-ray range (Hotokezaka et al. 2016).

In this Letter, we describe in detail the detection of GRB
170817A by the INTernational Gamma-ray Astrophysics
Laboratory (INTEGRAL) and the targeted follow-up observing
campaign. We were able to search for any possible hard X-ray/
soft gamma-ray emission for about six days after the prompt
gamma-ray and GW signal. This allowed us to constrain both
continuum emission from GRB-like afterglow emission and
line emissions expected from kilonovae.

2. INTEGRAL Instrument Summary

INTEGRAL (Winkler et al. 2003) is an observatory with
multiple instruments: a gamma-ray spectrometer (20 keV–8MeV,
SPI; Vedrenne et al. 2003), an imager (15 keV–10MeV, IBIS;
Ubertini et al. 2003), an X-ray monitor (3–35 keV, JEM-X; Lund

et al. 2003), and an optical monitor (V band, Optical Monitoring
Camera (OMC); Mas-Hesse et al. 2003).
The spectrometer SPI is surrounded by a thick Anti-

Coincidence Shield (SPI-ACS). In addition to its main function
of providing a veto signal for charged particles irradiating the
SPI instrument, the ACS is also able to register all other
impinging particles and high-energy photons. Thus, it can be
used as a nearly omnidirectional detector of transient events
with an effective area reaching 0.7m2 at energies above
∼75 keV and a time resolution of 50ms (von Kienlin et al.
2003). The characterization of its response to a gamma-ray
signal has been delivered with an extensive simulation study,
taking into account the complex opacity pattern of materials,
which are used for the INTEGRAL satellite structure and other
instrument detectors. Similarly, we have computed and verified
the response of the other omnidirectional detectors on board
INTEGRAL: IBIS/ISGRI, IBIS/PICsIT, and IBIS/Veto. For
details on the INTEGRAL capabilities of detecting transients
from the whole sky, particularly as relevant to our search for
electromagnetic counterparts to GW signals, we refer to
Savchenko et al. (2017a and references therein).

3. Observation of the Prompt Gamma-Ray Emission

At the time of the GW170817 trigger, INTEGRAL was
performing a target-of-opportunity observation of GW170814
(Abbott et al. 2017b; LIGO Scientific Collaboration & Virgo
Collaboration 2017e) and at 12:41 UTC it was directed to R.A.,
decl. (J2000.0)=36°.25, −49°.80. This orientation was overall
favorable to detect a signal from the location of AT 2017gfo
with the SPI-ACS, although not the most optimal. This can be
seen in Figure 1, where we show the complete INTEGRAL
sensitivity map combining all instruments as described in
Savchenko et al. (2017a). We note that with this orientation, the
sensitivity of IBIS (ISGRI, Lebrun et al. 2003; PICsIT, Labanti
et al. 2003; Veto, Quadrini et al. 2003 detectors) to a signal
from the direction of AT 2017gfo was much lower if compared
to SPI-ACS for any plausible type of event spectrum.

Figure 1. INTEGRAL3σ sensitivity to a 100ms burst characterized by
Comptonized emission with α=−0.65 and Epeak=185 keV, i.e., the best-fit
spectral model reported by the Fermi-GBM for the pulse of the GRB. Black
contours correspond to the confidence regions (90% and 50%) of the current
LALInferrence LIGO/Virgo localization (LIGO Scientific Collaboration &
Virgo Collaboration 2017c). The magenta annulus corresponds to the
constraint on the GRB 170817A location derived from the difference in
arrival time of the event to Fermi and INTEGRAL (triangulation; Svinkin &
Hurley 2017).
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GRB	FERMI-INTEGRAL	error	box

Zona di	emissione della	GW	LIGO/VIRGO

Zona di	cielo da	cui	vengono i segnali combinati LVC-FERMI-INTEGRAL

P.	Ubertini,	IAPS-INAFCredits:	B.P.	Abbot	et	al.,	ApJL,	2017,	in	press;	Savchenko	et	al.,	ApJL,	2017,	in	press	

INTEGRAL	detects	prompt	gamma	ray	emission	quasi-contemporary	to	GWs



INTEGRAL

Direzione di arrivo del segnale
Gravitazionale (GW) dalle due stelle di 
neutroni che si fondono (NS-NS) 

Arrival	sequence	of	the	
Signals:

• Virgo	(Pisa)
• FERMI		LEO
• Geo	Centre
• LIGO	Livingston
• LIGO	Hartford
• INTEGRAL	HEO

FERMI-GBM

P.	Ubertini,	IAPS-INAF
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NOTICE	and	GCN	sequences

• On 2017-08-17 at 12:41:20 FERMI/GBM NOTICE in response
to a real-time Fermi/GBM trigger on a sGRB at 12:41:06.48
UTC

• LVC GCN 21505, issued 2017-08-17 at 13:21:42 GMT
LIGO/Virgo G298048: Fermi GBM trigger
524666471/17081752:, LIGO/Virgo Identification of a
possible gravitational-wave

• LVC GCN 21506, issued 2017-08-17 at 13:47:37 LIGO/Virgo
G298048: Fermi GBM trigger 170817.529 and LIGO single IFO

• INTEGRAL detection, GCN 21507, of prompt γ-ray
counterpart to LIGO VIRGO G298048, coincident with GBM
trigger, issued at 2017-08-17 at 13:57:47 GMT



INTEGRAL	has	detected	a	short	GRB	1.7s	after	the	NS-NS	coalescence:	this	has	been	
the	first	detection	of	the	Kilonova resulted	from	the	debris	of	the	NS-NS	fusion….

Just	after	the	SGRB	detection	we	have	failed	to	detect	any	gamma	ray	afterglow,	with	
the	best	sensitivity	to	the	continuum	and	gamma-ray	lines	so	far	achieved.



GW170817+GRB170817A

LVC+Fermi+INTEGRAL 2017 9

Binary Neutron Star merger, discovered by 
Fermi/GBM and LIGO, independently observed by 
INTEGRAL/SPI-ACS, in good agreement with 
Fermi/GBM

INTEGRAL 2017

Despite soft GRB spectrum and moderately favorable 
orientation, INTEGRAL achieved confident detection

V.	Savchenko et	al.	2017	ApJL 848	L15B.	P.	Abbott	et	al.	2017	ApJL 848	L13

The	observational data



Extremely low luminosity of GRB170817A

Distance of 40 Mpc is much less than 
ever measured for any GRB (short or 
long)

This implies low luminosity, and 
Gamma-to-GW ratio of <10-6 is much 
less than that measured for other sGRB 
with known distances

11LVC+Fermi+INTEGRAL 2017



INTEGRAL pointed follow-up
A GRB at 40 Mpc could have produced bright 
hard X-ray afterglow. INTEGRAL can constrain 
new flux at least from T0 to T0+20ks.

14VS 2017

INTEGRAL	spent	about	20ks	in	with	the	same	aspect	after	the	prompt	detection,	then	was	
Repointed	toward	the	most	probable	error-box	(known	at	that	time)	and	then	toward	the	
refined	error	box	position	for	about	5	days

Allsky momitoring
SPI-ACS	+	IBIS-PICsIT +
IBIS-VETO

Pointed	observations
SPI	+	IBIS	+	
JemX +OMC



Kilonova models	published	on	16	October,	obtained	from	the	prompt	Short	GRB	seen	by	
INTEGRAL	and	FERMI/GBM	

The	256	ms binned	light	curve	of	GRB 170817A	in	the	
10–300	keV	band	for	NaI 1,	2,	and	5.	The	shaded	
regions	are	the	different	time	intervals	selected	for	
spectral	analysis.	The	inclusion	of	the	lower	energies	
shows	the	soft	tail	out	to	T0+2	s.

SPI-ACS	light	curve	of	GRB	170817A	(100 ms	time	
resolution),	detected	1.7s	after	GW170817.	The	red	
line	highlights	the	100 ms	pulse,	which	has	an	S/N	of	
4.6	in	SPI-ACS.	The	blue	shaded	region	corresponds	to	
a	range	of	one	standard	deviation	of	the	background.

Short	burst,	1.7s	latencyà emitted by	internal shocks,	from	100-200.000	km	region
B.	P.	Abbott	et	al.	2017	ApJL 848	L13	(LIGO-VIRGO	+	FERMI/GBM	+	INTEGRAL

Goldstein	et	al.,	ApJL,	848,	L14	,	2017	 Savchenko et	al.,	ApJL 848,	L15,	2017

FERMI-GBM	data INTEGRAL	SPI-ACS	data



Average	hard	X-ray/gamma-ray	spectrum	of	the	initial	
pulse	of	GRB170817A.	The	shaded	green	region	
corresponds	to	the	range	of	spectra	compatible	with	
the	INTEGRAL/SPI-ACS. IBIS/PICsIT provides	a	
complementary	independent	upper	limit	at	high
Energies

Spectral	fits	of	the	count	rate	spectrum	for	the	[Left]	
main	pulse	(Comptonized)	and	[Right]	softer	emission	
(blackbody).	The	blue	bins	are	the	forward-folded	
model	t	to	the	count	rate	spectrum,	the	data	points	are	
colored based	on	the	detector,	and	2	upper	limits	
estimated	from	the	model	variance	are	shown	as	
downward-pointing	arrows.	The	residuals	are
shown	in	the	lower	subpanels.

Kilonova models	published	on	16	October,	obtained	from	the	prompt	Short	GRB	seen	by	
INTEGRAL	and	FERMI/GBM	

No	lines,	no	spectral	features,	soft	Gamma-ray spectrum



We assumed a	very simple and	standard	model	to	be	compared with	observed data:

ü No	pre-burs,	
ü Short	gamma-ray burst
ü No	gamma-ray afterglow

Model	for	short	GRBs



What we learned immediately:		
ü Short	weak burst 1.7s		(?)	after the	Inspiral
u No	high	energy gamma-rays

and	after a	few days:
ü Radiation from	Radio	up	to	X-Rays



The	same model	a	bit	more	“physical”	and	quantitative:
In	this pure	hat-top	jet	model	we should not have seen the	SGRB….	



Possible models

To establishing the true luminosity function we need more off-axis GRBs
12

LVC+Fermi+INTEGRAL 2017

As revealed by LIGO/Virgo data, the merger was observed at 20-60 deg off-axis, proving that a 
considerable amount of gamma-ray energy is emitted far from the symmetry axis of the system

Possible	models	published	on	16	October,	obtained	from	the	prompt	Short	
GRB	seen	by	INTEGRAL	and	FERMI/GBM
No	lines,	no	spectral	features….

This	were	the	best	models	available	
At	the	30	November	GSSI	meeting	
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The X-ray counterpart to the gravitational-wave 
event GW170817
E. Troja1,2, L. Piro3, H. van Eerten4, R. T. Wollaeger5, M. Im6, O. D. Fox7, N. R. Butler8, S. B. Cenko2,9, T. Sakamoto10, C. L. Fryer5, 
R. Ricci11, A. Lien2,12, R. E. Ryan Jr7, O. Korobkin5, S.-K. Lee6, J. M. Burgess13, W. H. Lee14, A. M. Watson14, C. Choi6, S. Covino15, 
P. D’Avanzo15, C. J. Fontes5, J. Becerra González16,17, H. G. Khandrika7, J. Kim6, S.-L. Kim18, C.-U. Lee18, H. M. Lee19, 
A. Kutyrev1,2, G. Lim6, R. Sánchez-Ramírez3, S. Veilleux1,9, M. H. Wieringa20 & Y. Yoon6

A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and 
collimated outflows (jets) that power γ-ray bursts of short (less 
than two seconds) duration1–3. The observational support for 
this model, however, is only indirect4,5. A hitherto outstanding 
prediction is that gravitational-wave events from such mergers 
should be associated with γ-ray bursts, and that a majority of 
these bursts should be seen off-axis, that is, they should point 
away from Earth6,7. Here we report the discovery observations 
of the X-ray counterpart associated with the gravitational-wave 
event GW170817. Although the electromagnetic counterpart at 
optical and infrared frequencies is dominated by the radioactive 
glow (known as a ‘kilonova’) from freshly synthesized rapid 
neutron capture (r-process) material in the merger ejecta8–10, 
observations at X-ray and, later, radio frequencies are consistent 
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray 
emission at a location coincident with the kilonova transient 
provides the missing observational link between short γ-ray 
bursts and gravitational waves from neutron-star mergers, and 
gives independent confirmation of the collimated nature of the 
γ-ray-burst emission.

On 17 August 2017 at 12:41:04 universal time (ut; hereafter T0), 
the Advanced Laser Interferometer Gravitational-Wave Observatory 
(LIGO) detected a gravitational-wave transient from the merger of two 
neutron stars at a distance12 of 40 ± 8  Mpc. Approximately two seconds 
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The 
low luminosity of this γ-ray transient was unusual compared to the 
population of short GRBs at cosmological distances15 , and its physical 
connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 
of the gravitational-wave transient, and rapidly identified a source of 
bright optical, infrared and ultraviolet emission in the early-type galaxy  
NGC 499316,17. This source was designated ‘SSS17a’ by the Swope 
team16, but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 
However, on 26 August 2017, we observed the field with the Chandra  
X-ray Observatory and detected X-ray emission at the position  
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) implies 
an isotropic luminosity of 9 ×  1038  erg s− 1 if located in NGC 4993  
at a distance of about 40 Mpc. Further Chandra observations,  
performed between 1 and 2 September 2017, confirmed the presence 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.
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A. Bulgarelli1, M. Capaccioli9,27, P. G. Casella6, A. J. Castro-Tirado28, E. Chassande-Mottin29,

R. Ciolfi3,30, C. M. Copperwheat14, M. Dadina1, G. De Cesare1, A. Di Paola6, Y. Z. Fan31, B.

Gendre32, G. Giuffrida6, A. Giunta6, L. K. Hunt33, G. Israel6, Z.-P. Jin31, M. Kasliwal34, S. Klose35,

M. Lisi6, F. Longo36, E. Maiorano1, M. Mapelli3,37, N. Masetti1,38, L. Nava2,39, B. Patricelli40, D.

Perley14, A. Pescalli41,2, T. Piran42, A. Possenti43, L. Pulone6, M. Razzano40, R. Salvaterra44,

P. Schipani9, M. Spera3, A. Stamerra40,45, L. Stella6, G. Tagliaferri2, V. Testa6, E. Troja46, M.

Turatto3, S. D. Vergani47,2, D. Vergani1

1INAF, Institute of Space Astrophysics and Cosmic Physics, Via Gobetti 101, I-40129 Bologna,

Italy

2INAF, Osservatorio Astronomico di Brera, Via E. Bianchi 46, I-23807 Merate (LC), Italy

3INAF, Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122 Padova, Italy

4Gran Sasso Science Institute, Viale F. Crispi 7, L’Aquila, Italy

5INFN, Laboratori Nazionali del Gran Sasso, I-67100, L’Aquila, Italy

1

ar
X

iv
:1

71
0.

05
85

8v
1 

 [a
st

ro
-p

h.
H

E]
  1

6 
O

ct
 2

01
7

Extended Data Figure 4: Off-axis GRB afterglow modeling. Synthetic X-ray, optical and radio

light curve of the GRB afterglow as predicted in an off-axis jet model. The filled dot symbol shows

the X-ray detection23 and the arrows two representative radio upper limits 77, 78.

41

Extended Data Figure 2: Black-body fit to the SSS17a/DLT17ck spectra. The two early X-

shooter spectra of GW170817, obtained 1.5 and 3.5 d after discovery are compared with the spectra

of the type Ib SN 2008D59 obtained at 2-5 days after explosion respectively (blue, arbitrarily scaled

in flux). The dotted line show the black-body fit of the optical continuum of GW170817 with

temperature 5000 and 3200 K respectively.
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X-Ray	and	optical	Imaging	… and	
spectroscopy…

The	merger	of	two neutron stars is predicted to	
give rise	to	three major	detectable phenomena:	
a	short	burst of	γ-rays,	a	gravitational wave
signal,	and	a	transient optical/near-infrared
source	powered by	the	synthesis of	large	
amounts of	very heavy elements via	rapid
neutron capture (the	r-process).	

Such transients,	named “kilonovae”,	are	
believed to	be	centres	of	production	of	rare	
elements such as gold and	platinum.



LETTER RESEARCH

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  7 3

properties of GRB 170817A (see Methods). Instead, a structured jet 
profile, where the outflow energetics and Lorentz factor vary with the 
angle from the jet axis, can explain both the GRB and afterglow prop-
erties (Extended Data Fig. 3). Alternatively, the low-luminosity γ-ray 
transient may not trace the prompt GRB emission, but come from a 
broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an estimated 
inclination angle anywhere between 20° and 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational-wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈  28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈  28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈  0.015M⊙, v ≈  0.08c) 
and from the dynamical ejecta (Mej ≈  0.002M⊙, v ≈  0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron-star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.
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We searched the SPI-ACS light curve using
five timescales

from 0.1 to 10 s, within a window of 30 s before and after the

time of GW170817. The local background noise properties are

in good agreement with the expectation for the background at

the current epoch. On a 100ms timescale, we detect only one

significant excess with a signal-to-noise ratio (S/N) of 4.6,

starting at T0,GW +1.9 s (in the geocentric time system;

hereafter T0,ACS); see Figure 2. We compute a significance of

association between GRB 170817A as observed by INTEGRAL

and GW170817 of 3.2σ. The association significance with the

Fermi-GBM
observation

of GRB
170817A

is 4.2σ
(see

Appendix A).
The principal part of the excess gamma-ray

emission

emerges in just two 50 ms time bins. The 100ms duration

firmly places this event in the short GRB
class at >99%

probability
(using

the
GRB

duration
distribution

from

Savchenko et al. 2012 and Qin et al. 2013). We should note,

however, that the SPI-ACS does not have the capability to

observe emission below ∼100 keV (due to the limitations of

the instrumental low
threshold), which might have slightly

different temporal characteristics, as reported by Goldstein

et al. (2017).
Our coincident observation of the gamma-ray signal permits

a substantial improvement of the Fermi-GBM-only localization

by exploiting the difference in the gamma-ray arrival times at

the location of the two satellites. Using the triangulation

annulus reported by Svinkin & Hurley (2017) we compute that

the addition of the INTEGRAL observation reduces the
final

90% GBM localization area by a factor of 1.8. We refer to the

joint LIGO/Virgo, Fermi-GBM, and INTEGRAL/SPI-ACS

analysis for more details (LVC
et al. 2017). Appendix B

summarizes the supporting complete INTEGRAL data set at the

time of GRB 170817A.

The majority of sGRBs have a hard spectrum, resulting in a

strong detection in the SPI-ACS and/or in IBIS (ISGRI,

PICsIT, and/or Veto), as long as the respective instrument is

favorably oriented (Savchenko et al. 2012, 2017a). GRB

170817A, on the other hand, was very soft, with most of its

energy below ∼100 keV, apart from a short–hard initial pulse

emitting at least up to 200 keV (Goldstein et al. 2017). This

results
in

a
reduced

SPI-ACS
signal significance. We

determined that for the location of AT 2017gfo, the SPI-ACS

efficiency is smoothly increasing from
about 100 keV

to

200 keV, where it reaches a plateau up to the upper energy

threshold of ∼80MeV. In Figure 3, we show the region that

contains the allowed spectral models consistent with the SPI-

ACS observation. We assume a specific family of models,

representative of sGRB spectra not far from the Fermi-GBM

best-fit model of GRB
170817A

for time time interval

-

-

+

T

T

0.320

0.256

0,GBM

0,GBM

—(covering the range of

spectra consistent with the average or hard peak): Compto-

nized/cutoff power-law models with −1.7 -
-a

-0.2 and

-
-

E
50

300

peak

keV. In the same
figure, the black dashed

line represents the best-fit Fermi-GBM
model in the same

0.576s long time interval that we used to compare SPI-ACS

with the Fermi-GBM
results (Goldstein et al. 2017). This

comparison
nicely

displays
the

consistency
of

both

experiments.
Due to the lack of energy resolution in SPI-ACS, the fluence

estimate depends on model assumptions. Using the best-fit

Fermi-GBM
model (Goldstein et al. 2017) and assuming the

time interval

-
T

0.320

GBM,0

, TGBM,0+0.256 s to match the

interval used by Fermi-GBM
(Goldstein et al. 2017), we

derive a 75–2000 keV
fluence of (1.4±0.4)×10 −7

erg cm −2

(1σ error, statistical only). Additionally, the model assumption

uncertainty employing the same range of models as used in

Figure 3 corresponds to a 75–2000 keV
fluence uncertainty

of±0.4×10 −7
erg cm −2

. Possible systematic deviations of

the SPI-ACS response, as established by cross-calibration with

other gamma-ray
instruments (primarily

Fermi-GBM
and

Konus-Wind), corresponds to a further uncertainty of±0.3×

10−7
erg cm −2

.
Due to the limited duration of this event in SPI-ACS, little

can be learned directly from the light curve. However, we note

that the main prompt component consists of just two bins, with

each of the rise time and decay time below
50ms. Our

variability limits are derived for the particularly narrow pulse

that characterizes the hardest component of the burst, which is

observed by INTEGRAL/SPI-ACS with high effective area.

Our results should be compared to the lower-energy morph-

ology probed by Fermi-GBM (see LVC et al. 2017 for details).

After the detection of GRB 170817A, INTEGRAL continued

uninterrupted
observations of the same sky

region
until

Figure 2. SPI-ACS light curve of GRB 170817A (100ms time resolution),

detected 2 s after GW170817. The red line highlights the 100ms pulse, which

has an S/N of 4.6 in SPI-ACS. The blue shaded region corresponds to a range

of one standard deviation of the background.

Figure 3. Average hard X-ray/gamma-ray spectrum of the initial pulse of GRB

170817A. The shaded green region corresponds to the range of spectra

compatible with the INTEGRAL/SPI-ACS observation (see the text for details).

IBIS/PICsIT
provides a complementary independent upper limit at high

energies; see the text. The best-fit Fermi-GBM
model for the spectrum in the

same interval (Comptonized model with low-energy index of −0.62 and E
peak

of 185 keV) is shown as a dashed line for comparison (Goldstein et al. 2017).
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Savchenko et al.
Following	the	neutron-star	merger,	a	small	amount	of	fast-moving	neutron-rich	ejecta (red	shells)	emits	an	isotropic	kilonova peaking	in	the	
infrared.
A	larger	mass	neutron-free	wind	along	the	polar	axis	(blue	arrows)	produces	kilonova emission	peaking	at	optical	wavelengths.	This	emission,	
although	isotropic,	is	not	visible	to	edge-on	observers	because	it	is	only	visible	within	a	range	of	angles	and	otherwise	shielded	by	the	high-

opacity	ejecta. à light	material
A	collimated	jet	(black	solid	cone)	emits	synchrotron	radiation	visible	at	radio,	X-ray	and	optical	wavelengths.	This	afterglow	emission	
outshines	all	other	components	if	the	jet	is	seen	on-axis.	However,	to	an	off-axis	observer,	it	appears	as	a	low-luminosity	component	

delayed	by	several	days	or	weeks.

Schematic	diagram	for	the	model	working	for	GW170817

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  7 1

LETTER

doi:10.1038/nature24290

The X-ray counterpart to the gravitational-wave 

event GW170817

E. Troja 1,2, L. Piro 3, H. van Eerten 4, R. T. Wollaeger 5, M. Im 6, O. D. Fox 7, N. R. Butler 8, S. B. Cenko 2,9, T. Sakamoto 10, C. L. Fryer 5, 

R. Ricci 11, A. Lien 2,12, R. E. Ryan Jr 7, O. Korobkin 5, S.-K. Lee 6, J. M. Burgess 13, W. H. Lee 14, A. M. Watson 14, C. Choi 6, S. Covino 15, 

P. D’Avanzo 15, C. J. Fontes 5, J. Becerra González 16,17, H. G. Khandrika 7, J. Kim 6, S.-L. Kim 18, C.-U. Lee 18, H. M. Lee 19, 

A. Kutyrev 1,2, G. Lim 6, R. Sánchez-Ramírez 3, S. Veilleux 1,9, M. H. Wieringa 20 & Y. Yoon 6

A long-standing paradigm in astrophysics is that collisions—

or mergers—of two neutron stars form highly relativistic and 

collimated outflows (jets) that power γ-ray bursts of short (less 

than two seconds) duration 1–3. The observational support for 

this model, however, is only indirect 4,5. A hitherto outstanding 

prediction is that gravitational-wave events from such mergers 

should be associated with γ-ray bursts, and that a majority of 

these bursts should be seen off-axis, that is, they should point 

away from Earth 6,7. Here we report the discovery observations 

of the X-ray counterpart associated with the gravitational-wave 

event GW170817. Although the electromagnetic counterpart at 

optical and infrared frequencies is dominated by the radioactive 

glow (known as a ‘kilonova’) from freshly synthesized rapid 

neutron capture (r-process) material in the merger ejecta 8–10, 

observations at X-ray and, later, radio frequencies are consistent 

with a short γ-ray burst viewed off-axis 7,11. Our detection of X-ray 

emission at a location coincident with the kilonova transient 

provides the missing observational link between short γ-ray 

bursts and gravitational waves from neutron-star mergers, and 

gives independent confirmation of the collimated nature of the 

γ-ray-burst emission.

On 17 August 2017 at 12:41:04 universal time (ut; hereafter T0), 

the Advanced Laser Interferometer Gravitational-Wave Observatory 

(LIGO) detected a gravitational-wave transient from the merger of two 

neutron stars at a distance 12 of 40 ± 8  Mpc. Approximately two seconds 

later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 

by the Fermi Gamma-ray Space Telescope 13 and INTEGRAL 14. The 

low luminosity of this γ-ray transient was unusual compared to the 

population of short GRBs at cosmological distances 15, and its physical 

connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 

of the gravitational-wave transient, and rapidly identified a source of 

bright optical, infrared and ultraviolet emission in the early-type galaxy  

NGC 4993 16,17. This source was designated ‘SSS17a’ by the Swope 

team 16, but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 

However, on 26 August 2017, we observed the field with the Chandra  

X-ray Observatory and detected X-ray emission at the position  

of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) implies 

an isotropic luminosity of 9 ×  10 38 erg s − 1 if located in NGC 4993  

at a distance of about 40 Mpc. Further Chandra observations,  

performed between 1 and 2 September 2017, confirmed the presence 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 

GW170817. a, Hubble Space Telescope observations show a bright and 

red transient in the early-type galaxy NGC 4993, at a projected physical 

offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs 5. Dust lanes are visible in the inner 

regions, suggestive of a past merger activity (see Methods). b, Chandra 

observations revealed a faint X-ray source at the position of the optical/

infrared transient. X-ray emission from the galaxy nucleus is also visible.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SGRB:	isotropic	luminosity	of	3x1046	erg	s−1
Fluence 1.4	× 10−7	erg	cm−2

X-ray:	isotropic	luminosity	of	9×1038	erg	s−1



Figure	2.	Schematic illustration of	the	various possible jet	and	
dynamical ejecta scenarios.	A)	A	jet	seen on-axis,	generating
both the	low-luminosity gamma-rays and	the	observed radio	
afterglow.	This scenario	cannot explain the	late	rise	of	the	radio	
emission.	It is also unable to	explain11	how a	low-luminosity jet	
penetrates the	ejecta.	It is therefore ruled out.	B)	A	regular	
(luminous)	SGRB	jet	seen off-axis,	producing the	gamma-rays
and	the	radio.	The	continuous moderate	rise	in	the	radio	light	
curve	rules out	this scenario.	
C)	 A	choked jet	giving rise	to	a	mildly relativistic (ɣ~2-3)	cocoon
which generates the	gamma-rays and	the	radio	waves via	an	
on-axis emission.	This is the	model	that is most consistent with	
the	data.	It accounts	for	the	observed gamma-rays,	X-rays
(possibly also ultraviolet and	optical)	and	radio	emission,	and	
provides a	natural explanation to	the	lack of	an	off-axis jet	
signature in	the	radio.	

à Note	that this model	require an	energy injection in	the	
cocoon after the	GW	collapse…is resembling the	AGN	case…

A	mildly relativistic wide-angle	outflow in	the	neutron star	merger	GW170817	
K.	P.	Mooley (1,2,3),	E.	Nakar (4),	K.	Hotokezaka (5),	G.	Hallinan (3),	A.	Corsi	(6),	D.A	et	al.	
arXiv:1711.11573,	30	November	2017



More	specifically,	we simulate	two equal-mass	NSs,	each with	a	gravitational mass	of	1.5M⊙,	an	
equatorial radius of	13.6	km,	and	on	a	circular orbit with	initial separation of	≃45	km	between
the	centers.	
Confined in	each star	is a	poloidal magnetic field with	a	maximum	strength of	1012 G.	At	this
separation,	the	binary loses energy and	angular momentum via	emission of	gravitational waves
,	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	angular momentum,	or	through the	pressure	support coming from	the	large	
temperature	increase produced by	the	merger.

However,	because the	HMNS	is also losing a	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).
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ABSTRACT

Short gamma-ray bursts (SGRBs) are among the most luminous explosions in the universe, releasing in less than one
second the energy emitted by our Galaxy over one year. Despite decades of observations, the nature of their “central
engine” remains unknown. Considering a binary of magnetized neutron stars and solving the Einstein equations,
we show that their merger results in a rapidly spinning black hole surrounded by a hot and highly magnetized torus.
Lasting over 35 ms and much longer than previous simulations, our study reveals that magnetohydrodynamical
instabilities amplify an initially turbulent magnetic field of ∼1012 G to produce an ordered poloidal field of ∼1015 G
along the black hole spin axis, within a half-opening angle of ∼30◦, which may naturally launch a relativistic jet.
The broad consistency of our ab initio calculations with SGRB observations shows that the merger of magnetized
neutron stars can provide the basic physical conditions for the central engine of SGRBs.

Key words: black hole physics – gamma-ray burst: general – gravitational waves – magnetohydrodynamics
(MHD) – methods: numerical – stars: neutron

1. INTRODUCTION

The numerical investigation of the inspiral and merger of
binary neutron stars (NSs) in full general relativity has made big
strides in recent years. Crucial improvements in the formulation
of the equations and numerical methods, along with increased
computational resources, have extended the scope of early
simulations. These developments have made it possible to
compute the full evolution, from large binary separations up
to black-hole (BH) formation, without and with magnetic fields
(Shibata & Taniguchi 2006; Baiotti et al. 2008; Anderson et al.
2008; Liu et al. 2008; Giacomazzo et al. 2009, 2011), and with
idealized or realistic equations of state (EOS; Rezzolla et al.
2010; Kiuchi et al. 2010). This tremendous progress is also
providing information about the entire gravitational waveform,
from the early inspiral up to the ringing of the BH (see, e.g., Duez
2010; Baiotti et al. 2010). Advanced interferometric detectors
starting from 2014 are expected to observe these sources at a
rate of ∼40–400 events per year (Abadie et al. 2010).

These simulations also probe whether the end product of
mergers can serve as the “central engine” of short gamma-ray
bursts (SGRBs; Paczynski 1986; Eichler et al. 1989; Narayan
et al. 1992). The prevalent scenario invoked to explain SGRBs
involves the coalescence of a binary system of compact ob-
jects, e.g., a BH and an NS or two NSs (Ruffert & Janka 1999;
Rosswog et al. 2003; Nakar 2007; Lee & Ramirez-Ruiz 2007).
After the coalescence, the merged object is expected to collapse
to a BH surrounded by an accretion torus. An essential ingredi-
ent in this scenario is the formation of a central engine, which
is required to launch a relativistic outflow with an energy of
∼1048–1050 erg on a timescale of ∼0.1–1 s (Nakar 2007; Lee
& Ramirez-Ruiz 2007). With only one possible exception (De
Pasquale et al. 2010), SGRB afterglows do not clearly show a

jet-associated light-curve steepening (Nakar 2007), thus sug-
gesting typical jet opening half-angles of at least several de-
grees.

The qualitative scenario described above is generally sup-
ported by the association of SGRBs with old stellar populations,
distinct from the young massive star associations for long GRBs
(Fox et al. 2005; Prochaska et al. 2006). It is also supported to
a good extent by fully general-relativistic simulations, which
show that the formation of a torus of mass Mtor ! 0.4 M⊙
around a BH with spin J/M2 ≃ 0.7–0.8 is inevitable (Rezzolla
et al. 2010). However, the simulations have so far failed to show
that a jet can be produced. We here provide the first evidence
that the merger of a binary of modestly magnetized NSs nat-
urally forms many of the conditions needed to produce a jet
of ultrastrong magnetic field, with properties that are broadly
consistent with SGRB observations.

2. NUMERICAL SIMULATIONS

For the simulations we use the Cactus/Carpet/Whisky
codes (Schnetter et al. 2004; Thornburg 2004; Giacomazzo &
Rezzolla 2007; Pollney et al. 2007) and we consider a config-
uration that could represent the properties of an NS binary a
few orbits before its coalescence, within a fully general rela-
tivistic and an ideal-magnetohydrodynamic (MHD) framework
(Giacomazzo & Rezzolla 2007, 2011). More specifically, we
simulate two equal-mass NSs, each with a gravitational mass
of 1.5 M⊙ (i.e., sufficiently large to produce a BH soon
after the merger), an equatorial radius of 13.6 km, and
on a circular orbit with initial separation of ≃45 km be-
tween the centers (all length scales are coordinate scales;
Taniguchi & Gourgoulhon 2002). Confined in each star is a
poloidal magnetic field with a maximum strength of 1012 G
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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 = 7.4 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
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Figure 3. Magnetic-field structure in the HMNS (first panel) and after the collapse to BH (last three panels). Green refers to magnetic-field lines inside the torus and
on the equatorial plane, while white refers to magnetic-field lines outside the torus and near the axis. The highly turbulent, predominantly poloidal magnetic-field
structure in the HMNS (t = 13.8 ms) changes systematically as the BH is produced (t = 15.26 ms), leading to the formation of a predominantly toroidal magnetic
field in the torus (t = 21.2 ms). All panels have the same linear scale, with the horizon diameter being of ≃9 km.

(t = 15.26 ms), leading to the formation of a toroidal magnetic
field in the torus (t = 21.2 ms). As the MRI sets in, the magnetic
field is not only amplified, but also organizes itself into a dual
structure, which is mostly toroidal in the accretion torus with
Btor ≃ 2×1015 G, but predominantly poloidal and jet-like along
the BH spin axis, with Bpol ≃ 8 × 1014 G (t = 26.5 ms). Note
that the generation of an ordered large-scale field is far from
trivial and a nonlinear dynamo may explain why the MRI brings
a magnetic field self-organization, as it has been also suggested
in case of MRI-mediated growth of the magnetic field in the
conditions met in the collapse of massive stellar cores (Lesur
& Ogilvie 2008; Obergaulinger et al. 2009). However, the jet-
like structure produced in the simulation is not yet the highly
collimated ultrarelativistic outflow expected in SGRBs (see also
below).

The hollow jet-like magnetic structure has an opening half-
angle of ∼30◦, which sets an upper limit for the opening half-
angle of any potential outflow, either produced by neutrino en-
ergy deposition (Aloy et al. 2005) or by electromagnetic (EM)
processes (Komissarov et al. 2009). In our simulations most of
the outflow develops along the edges of the jet-like structure,
via a turbulent layer of EM-driven matter, which shields the
central funnel from excessive baryonic pollution. We envision

that such a layer is crucial to set the opening angle of any ultra-
relativistic jet, to shape both the radial and transverse structure
of the jet, as well as to determine its stability properties. The
Lorentz factors of the outflow measured in our simulations are
not very high (Γ ! 4), but can potentially be amplified by several
orders of magnitude in the inner baryon-poor regions through
special-relativistic effects (Aloy & Rezzolla 2006) or the vari-
ability of the flow (Granot et al. 2011). We expect that such
accelerations will be produced as a more realistic and general-
relativistic treatment of the radiative losses will become com-
putationally affordable.

4. COMPARISON WITH OBSERVATIONS

Below we briefly discuss how our results broadly match
the properties of the central engine as deduced from the
observations.

4.1. Duration

The observed duration of the prompt gamma-ray emission
GRBs is energy dependent and is usually determined through Tx,
the time over which x% of the total counts are observed, between
the (100 − x)/2 and (100 + x)/2 percentiles. The most common
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Fundamental consequences
This is the first multimessenger detection, with total of 5.3 sigma GW-GRB association 
significance

At least some short GRBs are associated to BNS mergers

The 2 s delay comparing to 130 Mly distance implies that speed of gravity can be constrained 
to unprecedented precision: 

Such a consistency between GW speed and speed of light, implies stringent limits on Lorentz 
Invariance Violation 

This observation provides the new insights into the EoS of the neutron matter
10LVC+Fermi+INTEGRAL 2017



Conclusions

ü Detection	of	a	GRB	from	an	off-axis	merger	implies	much	more	frequent		
GRB-BNS	associations,	which	might	happen	regularly	in	O3,	the	bright	
triggers	will	be	most	probably	immediately	public	à

ü be	prepared	for	unexpected	optimistic	scenario!..i.e.	several	NS-NS	
inspiral/year

ü VIRGO	and	INTEGRAL	and	the	GRAVITA	have	played	a	key	role	in	the	
successful	investigation	of	the	GW170817	event(s).	This	will	be	
remembered	as	a	key	step	in	the	understanding	of	the	astrophysical	
scenario	of	the	closeby Universe	à we	are	proud	to	be	the	follower	the	
Fermi-Amaldi road	in	the	area	of	great	discoveries…..	

ü Be	proud	to	be	part	of	the	La	Sapienza University!



Stay tuned!!

Thanks for your attention!

INTEGRL	SPI-ACS

THANKS FOR YOUR 
ATTENTION.. &..

STAY TUNED!!...NEW DATA
AND MODELS ARRIVING!

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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