
The	LVC	EM	follow-up	program	

G.	Stra(a		
On	behalf	of	the	LIGO	Scien2fic	

collabora2on	and	Virgo	collabora2on	

11th	Workshop	on	Science	with	
the	New	genera?on	of	High	

Energy	Gamma-ray	Experiments	
Pisa	18-21	October	2016	



Outline	

•  EM	counterparts	of	GW	
sources:	what	do	we	expect	
and	why	are	important	

	
•  Past	and	current	LVC	EM	

follow-up	programs	
	
•  EM	follow-up	campaign	of	

GW150914		
	
•  Future	plans	

h9ps://gracedb.ligo.org/
documenta2on/general.html	
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High	Frequency	(10	–	10000	Hz)		
Gravita2onal	Wave	detectors	

Image	credit:	Tarun	Souradeep	



GW	sources	

(from	A.	Weinstein	NYU	lecture,	2015)	

	
•  Compact	binary	
coalescence	(CBCs)	

	
•  Isolated	NS	
	
•  Cc-Supernovae	
	



EM	counterparts	of	most	promising	
GW	sources	(CBCs)	

NS-NS	or	NS-BH*	
•  “Short”	γ-ray	bursts	(GRB,	<2	s)	(e.g.	Eichler	et	al.	

1989,	Berger2014)	
•  MW	ATerglows:	X-rays	(<1	day)/opt	(<1	week/

radio(<1	month)		
à  well	established	emission	but	collimated	àonly	a	

frac?on	(1-cosθ)	of	NS-NS/NS-BH	(10°à1%!)	
	
•  “macronova”:	opt/NIR	bands,	T0+1-10	days	(e.g.	

Ladmer	&	Schramm	1976)	
•  Late	radio	emission:	T0+1	month	(e.g.	Piran+2013)	
•  X-ray	emission:	if	NS	remnant	is	formed	(e.g.	Siegel	

&	Ciolfi	2015)	
•  MW	Off-axis	alerglows:	T+hours/days	
	

BH-BH*	
•  No	obvious	EM	counterpart	is	expected	

from	such	systems	since	no	presence	of	
ma9er	is	expected	around	BHBH		

	
•  Recent	works	however	propose	some	

possible	scenarios	where	some	material	
may	be		bound	to	the	system	and	emit	
EM	radia2on		(	e.g.	remnant	disk,	Perna	
et	al.	2016;	third	body	2dal	disrup2on,	
Seto&	Muto2011)	

*stellar-mass	
black	hole	(i.e.	
<100	M¤)	

GRB	+	
alerglow	

kilonova	
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Why	searching	for	EM	counterparts?	
Some	examples:	
	
•  To	gain	a	more	complete	phenomenological	pictures	

of	astrophysical	sources:	
–  GW:	masses,	spins,	orienta2ons	
–  EM:	par2cle	accelera2on	and	emission	processes	
	

•  For	the	case	of	sGRB	we	will	confirm	their		
progenitor	nature	and	possibly	dis2nguish	
between	NS-NS	and	NS-BH	

	
•  Host	galaxy	iden2fica2on	(if	extra-galac2c):		

–  ISM	proper2es	->	forma2on	history	of	GW	source,	etc.	
–  Independent	measure	of	distance	from	spectral	line	

systems	
	
•  Measuring	cosmological	z	from	op2cal	spectra	and	

luminosity	distance	from	GW	for	large	sample	of	
CBCà	constraints	on	cosmological	parameters	

Credit:Ned	Wright	
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Image	Credit:	NASA	/	Dana	Berry	



Joint	GW+EM	detec2on:	2	ways	

1.   Triggers	from	EM	sources	à	offline	GW	archival	data	
analysis	using	EM	source	posi2on	and	trigger	2me	as	priors	
for	signal	search	and	parameter	es2ma2on	(e.g.	SN,	GRB,	
etc.)	

	
2.   Triggers	from	GW	events	à	EM	follow-up	observa2ons	(and	

archival	searches)	using	GW	event	2me	and	rough	
localiza2on	(e.g.	macronova,	off-axis	alerglows,	NS	
spindown	emission,	etc.)	



(RA,	Dec)			à		GW	Skymaps	
•  GW	source	sky	localiza2ons	are	provided	by	a	

network	of	interferometers	via	triangula?on	

•  Large	sky	areas	are	iden2fied	depending	on	the	
number	of	GW	detectors	
E.g.	with	2	detectors:	100-1000	deg2,	with	5	
detectors	(>2022)	~10	deg2	or	less	

	
•  Rather	than	a	pair	of	sky	coordinates

+uncertain2es,	GW	sources	are	localized	with		
sky	probability	maps		
–  The	whole	sky	is	divided	in	equal	area	pixels	of	

0.16	deg2	and	to	each	pixel	the	probability	of	
finding	the	GW	source	is	assigned	

	
•  Sky	probability	densi2es	are	currently	computed	

by	several	pipelines	based	on	different	
algorithms	with	increasing	computa2onal	costs	

Gorsky	et	al.	2004	

Abbo9+2016	LRR19	

Skymap	of	
GW150914	
Plo9ed	with	
“Skymap	
Viewer”	on	
GraceDB	



Past	LVC	GW-EM	follow-up	program	
Ø  First	GW-triggered	EM	follow-

up	campaigns		during	ini2al	
LIGO	and	Virgo	science	runs:		
Ø  Dec	2009	-	Jan	2010		
Ø  Sept	2010	-	Oct	2010	

	
Ø  Despite	no	significant	GW	event	

was	detected,	8	GW	
candidates*	were	selected	
among	unmodeled	bursts	and	
CBCs	signals	(FAR<1-0.25	day-1)	

Ø  GW	candidate	inferred	sky	
loca?ons	were	used	to	
centrally	plan	follow-up	
observa?ons	

	

Aasi+2014	ApJSS,	211,7	



Past	LVC	GW-EM	follow-up	program	

	
Ø  Tiles	were	assigned	to	

individual	facili?es		
	
Ø  10	op2cal	and	radio	ground-

based		facili2es	plus	Swil	
high	energy	satellite	were	
involved	at	that	2me	

	

Aasi+2014	ApJSS,	211,7	

* off-line analysis confirmed the non-
astrophysical origin of GW candidates 



Current	LVC	GW-EM	follow-up	program	

Ø  Today	there	are	about	83	teams	that	have	signed	the	LVC	MoU!	
	
Ø  ~170	instruments			
(satellites/world-wide	ground-based)	
						covering	the	full	spectrum		
																from	radio	to			
			very	high-energy	gamma-rays!	

Ø  Astronomical	ins?tu?ons,		
agencies	and	large/small	groups		
of	astronomers	from	19	countries		

Some	of	them	
h9ps://gw-astronomy.org/wiki/LV_EM/PublicPar2cipa2ngGroups	

Credit:	Branchesi		



Current	LVC	GW-EM	follow-up	program	
	
Rather	than	centrally	planning	assignments	of	
2les	to	each	facility:	
	
Ø  Skymaps	of	GW	events	are	distributed	to	

MoU	partners	with	the	Gamma-ray	
Coordinates	Network	(GCN*)	system:	
1.  machine-readable	No2ces			
2.  Short	bulledns/circulars	with	descrip2ons	

of	results	and	observa2ons	
	

Ø  A	common	EM	bulle?n	board	has	being	
created	to	coordinate	observa2ons	by:	
Ø  Announcing	planned	or	performed	

observa2ons	providing	sky	coordinates	and	
wavelength	

Ø  The	main	interface	between	low-latency	
GW	data	analysis	and	EM	follow-up	
observa2ons	is	the	Gravita?onal	wave	
Candidate	Data	Base	(GraceDB)	webpage	 *GCN	are	currently	restricted	to	MoU	parnters	

un?l	the	event	has	been	published		

h9ps://gracedb.ligo.org/documenta2on/general.html	

h9p://gcn.gsfc.nasa.gov	



Localiza2on	and	Broadband	Follow-up	of	
GW150914	(Abbo(+2016	ApJL	826,13)			

On	14-09-2015	an	interes2ng	GW	event	
was	detected	

	SNR=23.4	
	FAR<0.3/yr		
	à	below	predefined	 	 	threshold	

of	1/month		
	 	à	skymaps	sent	via	GCN	 	
	 	together	with	the	link	 	
	 	to	the	GraceDB	page	to	63	
	 	teams	

h9ps://gracedb.ligo.org/events/G184098	

EM	Observa2ons	(RA,	Dec,	λ,	Tstart,	etc.)	 Skymap	Viewer	



Localiza2on	and	Broadband	Follow-up	of	
GW150914	(Abbo(+2016	ApJL	826,13)		

Archival searches Follow-up observations 

Large FOV 
telescopes  

List of best 
candidates  

GW!	
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Abbo(+2016	ApJL	826,13	
 
~600 deg2 from 
GW data 
 
 
Contained 
probability:  
 
•  100% gamma-

rays 

•  86% radio  

•  50% optical 

	50%	and	90%	confidence	levels	of	the	ini2ally	distributed	GW	skymaps	

4	skymaps	were	released	
(computed	with	different	
algorithms	and	
increasing	computa?onal	
costs)	



INTEGRAL SPI/ACS and 
Fermi/GBM:   complete 
coverage 
 
 MAXI: almost complete 
coverage at F >10-9 erg/cm2s 
 
Swift/XRT: 5 deg2 (P~0.3%) at 
F>10-11 – 10-13 cgs 
 

Abbo(+2016	ApJL	826,13	

Ex:	X-rays	from	sGRB	@70	Mpc:		
10-9-10-7	cgs	at	11hr	

AGILE	à	no	signal	(Tavani+2016)	

Credit:	Branchesi	



INTEGRAL SPI/ACS and 
Fermi/GBM:   complete 
coverage 
 
 

Large FOV facilities:  
 
22.4 < Rlim < 20 mag 
5 mJ < Fradio < 100 mJy 

Abbo(+2016	ApJL	826,13	

Ex:	Macronova@70	Mpc	:	
R	~	17-24	mag	at	1-2	weeks	

Credit:	Branchesi	



Abbo(+2016	ApJL	826,13	

BNS@70Mpc:	0.01-10	mJy	(months)	

Credit:	Branchesi	



EM	follow-up	program	in	O1	

Credit:	Branchesi		
“Binary	Black	Hole	Mergers	in	the	
first	Advanced	LIGO	Observing	
Run”	Abbo9+1606.04856	

All	the	info	from	public	GCNs:	
hpp://gcn.gsfc.nasa.gov/gcn3_archive.html	

31	teams	of	astronomers	

25	teams	of	astronomers	



Future	program	for	O2	
•  Next	run	(O2)	star2ng	in	November	

	
•  Future	alerts	will	provide	within	

minutes:	
–  Date	&	2me	of	the	GW	event	
–  skymap	(only	the	preferred	skymap	at	

2me	of	sending)	
If	CBC:	
–  source	distance	
–  signal	type	(e.g.	if	a	NS	is	present	

àEM-bright	flag)	
If	burst:		
–  dura?on,	central	frequency	(?)	
	
	

•  Virgo	will	significantly	improve	the	
sky	localiza?on	(es2mates	for	GW	
150914	indicates	more	than	a	factor	
of	10!)	

Image	Credit:	LIGO/L.Singer/A.	Mellinger	

Current	
localiza2ons	
with	aLIGO	

Localiza2ons	
with	aLIGO+AdV	



Future	program	for	O2	
BBH	rate	from	Abadie+2010	
	
0.1	 	 	5 	 	 	 						300	Gpc-3	yr-1	
	
	
New	constraints	from	O1	for	BBH	popula2on	
are:	9-240	Gpc-3	yr-1	

High	significance	BBH	detec?ons:	
•  O2:		

–  ~90%	probability	to	see	>2	BBH		
–  ~50%	to	see	>10	BBH	

•  O3:		
–  ~90%	of	probability	to	see	>	10	BBH		
–  ~60%	of	probability	to	see	>40	BBH	 “BBH	Mergers	in	the	first	aLIGO		

observing	run”	Abbo9+2016,	ApJL	in	press		



Future	program	for	O2	
	
•  O1	no	BNS	detec?ons	s?ll	

consistent	with	
expecta?ons	
–  R_BNS	<	12600	Gpc-3	yr-1		

	

•  O2	expected	number	of	
BNS	is:	0.006-20	(Abbo9
+2016	LRR,	for	6	months	
of	LIGO+Virgo)	
	
	

•  Non	detec?ons	in	O2	will	
start	to	provide	
constraints	on	es?mated	
upper	limits		

“Upper	limits	on	the	rates	of	BNS	and		
NSBH	from	aLIGO	first	observing	run”		
Abbo9+2016	arXiv:	1607.07456v1	



Summary	
•  EM	counterparts	are	expected	from	gamma-rays	to	

radio,	and	are	fundamental	to	obtain	a	complete	
phenomenological	picture	of	several	GW	sources	

•  EM	follow-up	observa2ons	are	challenging	due	to	the	
poor	localiza2on	of	GW	detectors	and	uncertain2es	on	
expected	emission	

	
•  Current	EM	follow-up	program	has	being	successfully	

tested	in	O1	managing	op2mal	coordina2ons	of	>30	
astronomical	facili2es	

	
•  For	O2,	sky	probability	maps	will	be	released	in	tens	of	

min,	with	addi2onal	informa2on	as	e.g.	source	distance,	
EM	expected	brightness	flag	–	if	CBC	-		

	
•  The	join	of	Virgo	to	the	network	will	significantly	improve	

sky	localiza2ons	enhancing	the	probability	to	find	the	
EM	counterparts!	

Image	Credit:	NASA	/	Dana	Berry	
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Localiza2on	and	Broadband	Follow-up	of	
GW150914	(Abbo(+2016	ApJL	826,13)			

Ø  aLIGO	ER8:	17-08-2015	à	
17-09-2015	

							aLIGO	O1	start:	18-09-2015	

Ø  On	14-09-2015	cWB	detected	a	
GW	event,	SNR=23.4,	FAR<0.3/
yr	à	below	predefined	
threshold	of	1/month	à	OK!	

Polar 
angle 

fidelity 

Intersection 
(deg2) 

Ø T0+2	days:	first	skymaps			
Ø cWB	(17	min)		
Ø LALInference	Burst	(LIB,	14h)	

	
Ø T0+4months:	refined	skymaps		

Ø BAYESTAR	
Ø LALInference	
based	on	CBC	pipeline	output	



Localiza2on	and	Broadband	Follow-up	of	
GW150914	(Abbo(+2016	ApJL	826,13)		

	
•  Some	op2cal	candidate	counterparts	

were	followed-up	spectroscopically	
and	in	radio	

	
•  Most	candidates	were	SNIa,SNII,	

dwarf	novae,	AGN	à	not	associated	
with	BBH	

•  Reac2on	2mes	and	sky	coverages	at	
all	wavelengths	successfully	
demonstrated	the	new	EM-follow	up	
program	is	overall	working	well	

Abbo(+2016	ApJL	826,13	

Abbo(+2016	ApJL	826,13	



EM	counterparts	of	more	uncertain	
GW	sources	

Isolated	NS	
	
•  Seismic	ac2vi2es	in	NSs	with	high	B	

(B>1014	–	1015	G,	“magnetar”)	are	
thought	to	produce	GWs	

	
•  NS	instabili2es	may	originate	bursts	

(0.1-1s,	seldom	3-4	min)		observed	at	
40-50	keV	->	SoT	Gamma	Repeaters,	
SGR	à	Lx	~	1042-47		erg/s	

Supernovae	

•  Gravita2onal	core	collapse	of	massive	
stars	(>8-10	M¤	):		SN	II,	SN	Ib/c	

	
•  X/UV	emission	at	~hours	aler	

explosion	(Shock	Breakout)	and	opt	
emission	aler	tens	of	days	

	
•  Gamma-rays	(0.1-100	MeV)	à	“long”	

GRB	+	aTerglow	for	a	subclass	of	these	
SNe	(the	most	energe2c	ones)	
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Current	GW-triggered	EM	follow-up			
Ø  The	first	Advanced	LIGO	scien?fic	run	

started	on	September	2015	(O1)		
	
Ø  O1	expected	to	detect	a	NS-NS	up	to	

70	Mpc		

Ø  in	4	months	0.0005-4	NS-NS	were	
expected	(Abbo9+2016	LRR	19)	(BBH	
es2mates	largely	uncertain	and	in	the	
range	~0.006-17	at	400	Mpc)	

	

Ø  At	design	sensi2vity	(>2019):	
		

Ø  NS-NS:	0.2-200	(40)	yr-1		(<200	Mpc)		

	
	(Abo9	et	al.	2016	Living	Review	in	
Rela2vity)	
	

at	nominal	sensi?vity	(2019)	





EM	counterparts	of	most	promising	
GW	sources	(CBCs)	

NS-NS	or	NS-BH*	
	
•  Collimated	EM	emission:	Several	indirect	

evidence	associate	NS-NS/NS-BH		with	the	
progenitors	“Short”	γ-ray	bursts	(GRB,	<2	s)		+	
alerglow	progenitors	(e.g.	Eichler	et	al.	1989,	
Berger2014)	

	
•  Isotropic	EM	emission:	Thermal	emission	

(“macronova”)	is	expected	in	the	opt/NIR	bands,	
1-10	days	aler	the	coalescence	(e.g.	Ladmer	&	
Schramm	1976).	Radio	emission	at	T+1	month	is	
also	expected.	If	a	NS	is	formed,	X-ray	emission	is	
also	predicted	(e.g.	Siegel	&	Ciolfi	2015)	

BH-BH*	
•  No	obvious	EM	counterpart	is	expected	

from	such	systems	since	no	presence	of	
ma9er	is	expected	around	BHBH		

	
•  Recent	works	however	propose	some	

possible	scenarios	where	some	material	
may	be		bound	to	the	system	and	emit	
EM	radia2on		(	e.g.	remnant	disk,	Perna	
et	al.	2016;	third	body	2dal	disrup2on,	
Seto&	Muto2011)	

*stellar-mass	
black	hole	(i.e.	
<100	M¤)	

GRB	+	
alerglow	

kilonova	
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