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ABSTRACT

Using observations of the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL), we place upper
limits on the gamma-ray and hard X-ray prompt emission associated with the gravitational wave event GW150914,
which was discovered by the LIGO/Virgo Collaboration. The omnidirectional view of the INTEGRAL/SPI-ACS
has allowed us to constrain the fraction of energy emitted in the hard X-ray electromagnetic component for the full
high-probability sky region of LIGO triggers. Our upper limits on the hard X-ray fluence at the time of the event
range from � qH

�F 2 10 8 erg cm−2 to �H
�F 10 6 erg cm−2 in the 75 keV–2MeV energy range for typical spectral

models. Our results constrain the ratio of the energy promptly released in gamma-rays in the direction of the
observer to the gravitational wave energy EH E � �10GW

6. We discuss the implication of gamma-ray limits for the
characteristics of the gravitational wave source, based on the available predictions for prompt electromagnetic
emission.
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1. INTRODUCTION

Gravitational waves were predicted nearly one hundred years
ago as a natural consequence of general relativity (Ein-
stein 1916, p. 688), but up to now only indirect evidence of
their existence has been found by measuring the time evolution
of orbital parameters of binary pulsars (Hulse & Taylor 1975;
Kramer et al. 2006). The direct detection of gravitational waves
is challenging since it relies on measurements of the relative
change in distance of the order of 10−22. This will be achieved,
for low frequency signals (10−4–1 Hz), with the space-based
eLISA mission that will be launched after 2030 (Amaro-Seoane
et al. 2012), and it is currently possible at higher frequency
signals (10–104 Hz), thanks to the ground-based advanced
LIGO (LIGO Scientific Collaboration et al. 2015) and Virgo
(Acernese et al. 2015) detectors. Advanced LIGO has been in
operation since 2015 September, with the first science run
extending to 2016 January and a sensitivity-enabling routine
detection of gravitational waves from merging compact
binaries. Once a possible trigger has been recorded, it is vital
to conduct multi-wavelength observations to search for
additional information about this event. The LIGO/Virgo
Collaboration recently reported the first gravitational wave
event, GW150914, detected on 2015 September 14 at 09:50:45
UTC, with a false alarm probability of less than one event per
203,000 years (Abbott et al. 2016; The LIGO Scientific
Collaboration & the Virgo Collaboration 2016). Here, we

exploit the data obtained by the INTErnational Gamma-Ray
Astrophysics Laboratory (INTEGRAL) satellite (Winkler
et al. 2003), which was fully operational at the time of the
gravitational wave trigger, to derive limits on the hard X-ray
and gamma-ray emission associated with this event.

2. INTEGRAL/SPI-ACS

The SPI instrument on board INTEGRAL (Vedrenne
et al. 2003) is comprised of an active anticoincidence shield
(ACS, von Kienlin et al. 2003) made of 91 BGO (Bismuth
Germanate, Bi4Ge3O12) scintillator crystals.13 Besides its main
function of shielding the SPI germanium detectors, the ACS is
also used as a nearly omnidirectional detector of transient
events, with a large effective area (up to 1 m2) at energies
above ∼75 keV (von Kienlin et al. 2003). The ACS data consist
of event rates integrated over all the scintillator crystals, with a
time resolution of 50 ms. The typical number of counts per 50
ms time bin ranges from about 3000 to 6000 (or more during
periods of high solar activity). Since only a single integrated
rate is recorded for the whole instrument, no spectral and
directional information is available. Contrary to most instru-
ments designed for the detection of GRBs, the ACS read-out
does not rely on any trigger. Thus a complete time history of
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13 Only 89 are currently functional.
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INTEGRAL  UPDATE 

INTEGRAL		main	features:	
ü  3	keV-10	MeV	energy	range	with	unprecedented	sensiCvity		
ü  2.7d	uninterrupted	observaCons	
ü wide	FOV:		~100-1000	deg2	
ü  120	μs	Cme	resoluCon	
ü  Arc	min	angular	and		keV	energy	resoluCon	and		
ü  Unique	polarimetry	capabity		
	
INTEGRAL	is	the	link	between	the	soQ	X-ray		and	high	energy	γ-ray	
	

So far ~1000 INTEGRAL papers published  
102+7 on-going PhD thesis (15+1 Italy)  

and 100+ press release  



Now: hunting  
Gravitational Wave 
astrophysical counterparts 
		

August	1975	
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April	1996	
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June	2008	



SWIFT-INTEGRAL	
	<	1keV	–	10	MeV	



The	SPI/ACS	detectors	
view	~4π	solid	angle	of	
the	sky.	
E>75	keV,	Tres=50ms	
Effec8ve	area:	up	to	1m2		
	
	

The	sensi8vity	to	a	
gamma-ray	transient	
depends	on	sky	posi8on	
and	its	evalua8on	must	
take	into	account	the	
payload	and	satellite	
masses	distribu8on		
	

The	IBIS	detectors	ISGRI	and	
PICsIT	have	max	sensi8vity	to	
direc8ons	normal	to	SPI/ACS												
factor	of	5	at	least	

Outside	the	IBIS	FOV	(~30x30	
deg2)	the	ISGRI	and	PICsIT	
detectors	also	view	~4π	in	the	
~0.25-2.6	MeV	band.	
PICsIT:			T_res=15.6ms	
Effec8ve	area	up	to	~900cm2	

	
	

INTEGRAL	is	similar	to	BeppoSAX	for	GW	counterpart	search…	
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SUPPLEMENT: LOCALIZATION AND BROADBAND FOLLOW-UP OF THE GRAVITATIONAL-WAVE TRANSIENT
GW150914

THE LIGO SCIENTIFIC COLLABORATION AND THE VIRGO COLLABORATION,
THE AUSTRALIAN SQUARE KILOMETER ARRAY PATHFINDER (ASKAP) COLLABORATION, THE BOOTES COLLABORATION,

THE DARK ENERGY SURVEY AND THE DARK ENERGY CAMERA GW-EM COLLABORATIONS, THE Fermi GBM COLLABORATION,
THE Fermi LAT COLLABORATION, THE GRAVITATIONAL WAVE INAF TEAM (GRAWITA), THE INTEGRAL COLLABORATION,

THE INTERMEDIATE PALOMAR TRANSIENT FACTORY (IPTF) COLLABORATION, THE INTERPLANETARY NETWORK,
THE J-GEM COLLABORATION, THE LA SILLA–QUEST SURVEY, THE LIVERPOOL TELESCOPE COLLABORATION,

THE LOW FREQUENCY ARRAY (LOFAR) COLLABORATION, THE MASTER COLLABORATION, THE MAXI COLLABORATION,
THE MURCHISON WIDE-FIELD ARRAY (MWA) COLLABORATION, THE PAN-STARRS COLLABORATION,

THE PESSTO COLLABORATION, THE PI OF THE SKY COLLABORATION, THE SKYMAPPER COLLABORATION,
THE Swift COLLABORATION, THE TAROT, ZADKO, ALGERIAN NATIONAL OBSERVATORY, AND C2PU COLLABORATION,

THE TOROS COLLABORATION, AND THE VISTA COLLABORATION
(See the end matter for the full list of authors.)

(Received 2016 April 27; Accepted 2016 May 4; Published 2016 MM DD)

ABSTRACT
This Supplement provides supporting material for Abbott et al. (2016a). We briefly summarize past electro-
magnetic (EM) follow-up efforts as well as the organization and policy of the current EM follow-up program.
We compare the four probability sky maps produced for the gravitational-wave transient GW150914, and pro-
vide additional details of the EM follow-up observations that were performed in the different bands.
Keywords: gravitational waves; methods: observational

1. PAST AND PRESENT FOLLOW-UP PROGRAM
The first gravitational-wave (GW)-triggered electromag-

netic (EM) observations were carried out during the
2009–2010 science run of the initial LIGO and Virgo detec-
tors (Abadie et al. 2012b), featuring real-time searches for un-
modeled GW bursts and compact binary coalescences (CBCs;
Abadie et al. 2012b,a). GW candidates were identified—
typically within 30 minutes—and their inferred sky locations
were used to plan follow-up observations with over a dozen
optical and radio telescopes on the ground plus the Swift satel-
lite (Gehrels et al. 2004). Tiles were assigned to individual fa-
cilities to target known galaxies that were consistent with the
GW localizations and that were within the 50 Mpc nominal
binary neutron star (BNS) detectability horizon. Eight GW
candidates were followed up. Though none of the GW can-
didates were significant enough to constitute detections and
the EM candidates found were judged to be merely serendipi-
tous sources (Evans et al. 2012; Aasi et al. 2014), the program
demonstrated the feasibility of searching in real time for GW
transients, triggering follow-up, and analyzing GW and EM
observations jointly.

The present program of follow-up of gravitational-wave
candidates involves a large number of facilities and observer
teams. Instead of centrally planning the assignment of tiles
to facilities, we have set up a common EM bulletin board
for facilities and observers to announce, coordinate, and vi-

lsc-spokesperson@ligo.org
virgo-spokesperson@ego-gw.eu

sualize the footprints and wavelength coverage of their ob-
servations. The new program builds on the Gamma-ray Co-
ordinates Network (GCN)1 system that has long been estab-
lished for broadband follow-up of gamma-ray bursts (GRBs).
We distribute times and sky positions of event candidates via
machine-readable GCN Notices, and participating facilities
communicate the results of observations via short bulletins,
GCN Circulars. A key difference is that GRB Notices and
Circulars are instantly public, whereas GW alert Notices and
follow-up Circulars currently are restricted to participating
groups until the event candidate in question has been pub-
lished. After four high-confidence GW events have been pub-
lished, further high-confidence GW event candidates will be
promptly released to the public.

2. COMPARISON OF GRAVITATIONAL-WAVE SKY
MAPS

In the main Letter (Abbott et al. 2016a), we introduced
four GW sky maps produced with different methods: cWB
(Klimenko et al. 2016), LIB (Lynch et al. 2015), BAYESTAR
(Singer & Price 2016), and LALInference (Veitch et al.
2015). cWB and LIB treat the GW signal as an unmod-
eled burst; BAYESTAR and LALInference assume that the
source is a CBC. The LALInference sky map should be re-
garded as the authoritative one for this event. Table 1 shows
that the areas of the 10%, 50%, and 90% confidence regions
vary between the algorithms. For this event, cWB produces

1 http://gcn.gsfc.nasa.gov

V. Savchenko et al., 2016 ApJL,
820,L36 
 Abbott, B. P et al, 2016 ApJL	



INTEGRAL UL on γ-ray emission from GW150914 

ΔT=	-3s	
ΔT=	0.4s	

hdp://arxiv.org/abs/1602.04180	



INTEGRAL UL on γ-ray emission from GW150914 

ΔT=	-3s	
ΔT=	0.4s	

hdp://arxiv.org/abs/1602.04180	



PICSIT	Spectral	Timing	data	
260	keV	–	2.6	MeV	
	
16ms	8me	resolu8on	



ü  The	Real-8me	IBAS	GRB	trigger	system	has	not	been	triggered	by	the	
GW	event.	Off-line	analysys	has	then	been	performed.	

ü INTEGRAL	has	observed	the	whole	sky	in	the	range	from	50KeV	to		
2MeV	before	and	aher	the	reported	GW150914	event	

		
ü Using	the	omni-direc8onal	view	of	the	INTEGRAL/SPI-ACS	and	the	
IBIS-PICSIT	side	FoV	we	have	obtained	8ght	upper	limits	on	

	the	hard	X-ray/γ-ray	prompt	emission	
	
ü 	INTEGRAL,	FERMI	and	SWIFT	data	strongly	constrain	the	frac8on	of	
energy	emided	in	the	high	energy	electromagne8c	component	from	
the	full	high-probability	sky	region	of	LIGO/Virgo	trigger	

	
	

INTEGRAL UL on γ-ray emission from GW150914 



LVT	151012	

•  Event	with	associated	false	alarm	probability	of	0.02	
•  Loca8on	compa8ble	to	be	within	INTEGRAL	FoV	
•  Possible	binary	BH	merger,	with	masses	

	and	redshih				

Abbod+16,	arXiv:1602.03844v3	
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What’s	next:		
OP2	à1	trigger/week	

Lobster	eye	X-Ray		
+	gamma-ray	trigger	
	10-50	grb	High	Z	

	
10y	dev.	Cost	
100-500M€	

Cubesat	sworm		constella8on		
Arcsec	posi8oning	

	
Short	turnaround	

Moderate	cost,	modularity:	
100cubesat	

INTEGRAL-SWIFT	
Large	Observatories	
>10	years	opera8ons	

	
Low	cost!..INAF	
support	essenCal	

The HERMES mission 
High Energy  Rapid Modular  

Experiment Satellites	
LOBSTER (NASA) 

Theseus (ESA)	



 
CONCLUSIONS 

 
•  INTEGRAL operation was changed after GW 150914 to 

IMMEDIATELY follow-up the NEXT GW trigger. 

•  INTEGRAL has constrained the energy emitted in the high 
energy electromagnetic component from the full high-
probability sky region of LIGO/Virgo trigger to: 

Eg/EGW < 10-6  

Liso ≤ 1046 erg/s 
 

 

Ø  INTEGRAL has observed with the allsky monitor LVT 
151012 and a large part of the LIGO/VIRGO error box is 
within the FoV!! à  

Ø  best chance for a signalàlooking for the data NOW or… 
Ø  More stringent upper limit to come…. 

	



Stay tuned!! 
 

Thanks for your attention! 

INTEGRAL	SPI	

STAY TUNED!!



