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GRAWITA	project	
GRAWITA	goals	

The	 present	 research	 group	 is	
commiHed	 to	 taking	part	 in	 the	
search	 and	 the	 study	 of	
electromagneLc	counterparts	of	
the	 GW	 events	 by	 us ing	
observaLonal	faciliLes.		

Know	how	
T i m e 	 D o m a i n 	 A s t r o n o m y ,	
ObservaLonal	 Strategy,	 Wide	 field	
images,	 Image	 analysis,	 Accurate	
Photometry	 in	 crowded	 fields,	 GRB	
as t ronomy,	 Supernovae ,	 Data	
InterpretaLon,	TheoreLcal	models	

Who	we	are	~	80	people	
INAF	OA	Roma:	E.	Brocato	(P.I.),	L.A.	Antonelli,	S.	Ascenzi,	P.	Casella,	G.	Israel,	G.	Iannicola,	M.	Lisi,	S.	Piranomonte,	L.	Pulone,	L.	Stella,	A.	Stamerra,	V.Testa,	R.	
Carini,	A.	Di	Paola,	A.	Giunta	
INAF	OA	Napoli:	A.	Grado,	M	BoXcella,	M.	Capaccioli,	M.	della	Valle,	F.	Getman,	L.	Limatola,	P.	Schipani	
INAF	OAS	Bologna:	L.	Nicastro,	L.	AmaL,	A.	Bulgarelli,	M.	Dadina,	G.	De	Cesare,	N.	MaseX,	E.	Palazzi,	A.	Rossi,	D.	Vergani,	D.	Romano,	E.	Maiorano,		
INAF	OA	Brera:	S.	Campana,	S.	Covino,	P.	D’Avanzo,	A.	Melandri,	G.	Tagliaferri,	G.	Ghirlanda,	G.	Ghisellini,	M.	Bernardini		
INAF	OA	Padova:	E.	Cappellaro,	S.	BeneX,	L.	Tomasella,	M.	TuraHo,	S.	Yang,	R.	Ciolfi,	M.	Mapelli,	M.	Spera	
GSSI:	M.	Branchesi	
Uni	Urbino:	G.	Greco,	G.	StraHa	
Uni	Bologna:	A.	CimaX,	M.	Moresco,	M.	Talia,	M.	Brusa,	G.	Lanzuisi	
INAF	IASF	Milano:		R.	Salvaterra		
Uni.	Pisa:	B.	Patricelli,	M.	Razzano	
ASI	Science	Data	Center:	V.	D’Elia,	G.	Giuffrida,	S.	Marinoni,	P.	Marrese	
INAF	Cagliari:	A.	PossenL,	M.	Burgay,	E.	Molinari	
INAF	OA	Abruzzo:	M.	CanIello,	G.	Raimondo	
UNI	Calabria:	S.	Savaglio	
INFN	Trieste:	F.	Longo	
Uni.	Trieste:	F.	MaHeucci,		
Uni	Milano:	A.	Perego,	O.	Salafia		
INAF	OA	Trieste:	R.	CescuX		



Visible:	VST,	LBT,	TNG,	NOT	(coll.),	NTT,	VLT	+	small	telescopes	[REM,	1.82m	(Asiago,	IT),	
1.52m	(Loiano,	IT),	0.9m	C.	Imperatore,	IT)]	+	HST	(coll.)	
Near-mid	IR:	1.1m	AZT-24	(C.	Imperatore,IT),	IRAIT	(AntarcSca)	
Radio:	64m		SRT	(Cagliari,	IT),	2x	32m	(Medicina	and	Noto,	IT)	

Collabora.ons:	ePESSTO	
Posi.ve	interac.ons	during	O1+O2:	Pan-Starrs,	
iPTF,	VISTA,	HST	…..	

Mul.-wavelengths	Facili.es	Network	



Why	search	for	EM	counterpart	

GW	
•  Mass	
•  Spins	
•  Eccentricity	
•  NS	compactness	
•  System	

orientaLon	
•  Luminosity	

distance	

EM	
•  EnergeLcs	and	

beaming	
•  Sky	localizaLon	

(arcsec)	
•  Host	galaxy	
•  environment	
•  Redshi`	
•  Nuclear	

astrophysics	

•  IdenLfy	host	galaxy	
•  Constraints	on	progenitors	
•  H0	
•  GW	speed	
•  GR	tests	
•  FormaLon	scenario	
•  Massive	stars	evoluLon	



	
Mul.-messenger	astronomy	

	We	focus	on:	
GW:		
compact	binary		
coalescence	(CBC)	
	
EM:		
photons	in	opLcal	
near	infrared	band	

MULTI-MESSENGER NETWORK

93 groups (>200 instruments) have signed the MoU with the LVC 

20/05/18 14 

A.	Grado		CRIS2018	Portopalo	2018-06-18	



GWs	from	compact	objects	
		

	
Source	type	 Detectors	sensiIvity		

O3	(Mpc)	
EsImated	#	of	
detecIons	in	O3	
(in	12	months)	

localizaIon	

NS-NS	 120-170								(LIGO)	
65-85													(Virgo)	

1-501		 20-26	%	in	5	deg2	
42-50	%	in	20	deg2	

NS-BH	 190-270								(LIGO)	
100-140								(Virgo)	

1-23,4	 ~	BNS	

BBH	 1110-1490				(LIGO)	
610-1030						(Virgo)	

6	-	1302		 Tens	to	hundreds	
deg2	

Abbo[	et	al	2018	Liv.	Rev.	Relat.	21;3	

Source	type?	How	far?	How	many?	LocalizaLon?		

1Assuming	a	rate	of		10-8	-	10-5	Mpc-3	yr-1		(AbboH	et	al.	2017,	PRL,	119,	161101)	
2Rodriguez	et	al.	2016,	PRD,	93,8,	084029	(rate	2-20	Gpc-3yr-1)	
3Assuming	an	upper	limit	rate	of		3.6x10-6	Mpc-3	yr-1		
4Pannarale	et	al.	2014		ApJ,	791,	5						

A.	Grado		CRIS2018	Portopalo	2018-06-18	



	
EM	emission	from	CBC	

	

A.	Grado		CRIS2018	Portopalo	2018-06-18	

For	binaries	with	at	least	one	NS		
	
LaXmer	&	Schramm	1974	(r-process)	
Li	&	Paczynski	1998,	Metzger	2010		
(UV-OpLcal	emission	predicLon),		
	
For	BNS	we	expect	MAB	~	-16	mag		
	
	

	 	 	 	 	 	 	 	 	 	Metzger	2017	arXiv:1710.0593	
Rosswog	et	al.	1999,	Perego	et	al.	2017	(material	ejecLon	mechanism)	(see	Albino	talk)	
	
For	binary	black	holes		
	
	EM	signal	if	a	low	mass	circumbinary		
disk	survives	unLl	the	coalescence.		
(de	Mink	et	al.	2017)	(Yamazaki	et	al.	2016)	
	
	

Figure 1: Bolometric light curve of the op-
tical/infrared counterpart of GW170817 (blue
squares) from multi-band photometry (Cow-
perthwaite et al., 2017) compared to the fiducial
model of Metzger et al. (2010) (red line; their
Fig. 4) for “kilonova” emission powered by the
radioactive decay of 10�2M� of r-process mat-
ter expanding at v = 0.1 c, assuming complete
thermalization of the radioactive decay prod-
ucts. Shown above for comparison is a line
with the approximate power-law decay / t�1.3

for r-process heating (Metzger et al., 2010; Ho-
tokezaka et al., 2017). The true ejecta mass
required to explain the data exceeds 0.01M�
by a factor of several (Table 1) because the ac-
tual thermalization e�ciency is less than unity
(Barnes et al., 2016; Rosswog et al., 2017). The
observed color evolution of the transient from
optical to near-infrared wavelengths can also
only be understood by accounting for the details
of the ejecta structure and the di↵erent opaci-
ties of light and heavy r-process nuclei (§2.2 for
details).

Smartt et al. 2017; Shappee et al. 2017), X-ray (Troja et al., 2017; Margutti et al., 2017; Haggard et al.,
2017; Fong et al., 2017), gamma-ray (e.g. Goldstein et al. 2017; Savchenko et al. 2017; LIGO Scientific
Collaboration et al. 2017b; Verrechia et al. 2017), and even neutrinos (ANTARES et al. 2017). The full
range of observational references are summarized in LIGO Scientific Collaboration et al. (2017a).

Often in astronomy, hints of the underlying truth about a phenomenon build up only gradually as the
capabilities of telescopes incrementally improve; and even once a consensus opinion is reached, it is often
the product of several pieces of indirect evidence. GW170817 represents a sharp departure from this
rule, as LIGO/Virgo transported us, in one quantum leap, directly from the dark into the light (the “Big
Reveal”), albeit a leap that theorists had long anticipated and given unusually extensive consideration to,
despite the lack of observational guidance. As information on the discovery percolated in, I was overtaken
by the degree to which the optical and infrared transient being observed agreed with those predicted by
myself and colleagues, such as work I led in 2010 (Fig. 1). Seeing Nature agree so well with our basic
ideas is a triumph for astrophysics theory.

Given the slew of observational and interpretation papers appearing on this topic over just a few days,
I thought it useful to review briefly, in one place, theoretical models for the EM counterparts of binary NS
mergers in the context of the GW170817 discovery. I start by describing the thermal kilonova emission
coming from the mildly-relativistic merger ejecta (§2) and then discuss non-thermal emission from the
ultra-relativistic gamma-ray burst (GRB) jet (§3). Figure 2 summarizes a reasonable guess for the origin
of the di↵erent EM counterparts observed following GW170817. In §4, I draw major take-away lessons
from the first binary NS merger, and use them to motivate new questions for scrutiny as the sample of
EM/GW events grows over the next several years. Many of the interpretations presented result from
interaction with the observational groups in which I collaborated, particularly the Dark Energy Camera
(DECam) group, and I encourage the reader to consult these works for in-depth analysis of these data.

2 Kilonovae and the Origin of the Heaviest Elements

The optical/infrared transient following GW170817 is fully consistent with being powered by the ra-
dioactive decay of nuclei synthesized in the NS merger ejecta. Here, I review the history of models for
the r-process in binary NS mergers and the expected sources of mass ejection in these events based on
numerical simulations (§2.1). I then describe the historical development of kilonova models (§2.2) in
the context of their expected timescales, luminosities and colors; particular emphasis is placed on the
distinction between the emission from ejecta containing light versus heavy r-process nuclei. Within this
framework, in §2.3 I summarize our interpretation for the kilonova from GW170817, and the resulting
implications for the fate of the merger remnant and the properties of NSs more broadly.

2.1 Mass Ejection in Binary NS Mergers and the r-Process

Roughly 60 years ago, Burbidge et al. (1957) and Cameron (1957) recognized that approximately half
of the elements in the Galaxy heavier than iron must have been produced in an environment in which

2



Alert	

2. Search 3. Search

4. Characterization 
and follow-up 

1. Observations

 90 sq.degrees 
10 pointings

GW150914: GRAWITA response

La missione e le prospettive scientifiche di TNG nell’astrofisica del 2020 — PADOVA 2 Marzo 2017

Start with ~500k/frame -> ~100 interesting objects -> ~20 specific Too

Collaborations with iPTF, PANSTARRS,/PESSTO

2. Search 3. Search

4. Characterization 
and follow-up 

1. Observations

 90 sq.degrees 
10 pointings

GW150914: GRAWITA response

La missione e le prospettive scientifiche di TNG nell’astrofisica del 2020 — PADOVA 2 Marzo 2017

Start with ~500k/frame -> ~100 interesting objects -> ~20 specific Too

Collaborations with iPTF, PANSTARRS,/PESSTO

2. Search 3. Search

4. Characterization 
and follow-up 

1. Observations

 90 sq.degrees 
10 pointings

GW150914: GRAWITA response

La missione e le prospettive scientifiche di TNG nell’astrofisica del 2020 — PADOVA 2 Marzo 2017

Start with ~500k/frame -> ~100 interesting objects -> ~20 specific Too

Collaborations with iPTF, PANSTARRS,/PESSTO

2. Search 3. Search

4. Characterization 
and follow-up 

1. Observations

 90 sq.degrees 
10 pointings

GW150914: GRAWITA response

La missione e le prospettive scientifiche di TNG nell’astrofisica del 2020 — PADOVA 2 Marzo 2017

Start with ~500k/frame -> ~100 interesting objects -> ~20 specific Too

Collaborations with iPTF, PANSTARRS,/PESSTO

Observations preparation	
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reduction	


Search	


2. Search 3. Search

4. Characterization 
and follow-up 

1. Observations

 90 sq.degrees 
10 pointings

GW150914: GRAWITA response
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Start with ~500k/frame -> ~100 interesting objects -> ~20 specific Too

Collaborations with iPTF, PANSTARRS,/PESSTO

Characterization	


Credit:	S.	Covino	 Credit:	E.	Cappellaro,	S.	Yang	

Pian	et	al.	2017	

90	deg2	
90	poinLngs	

GWSky	(G.	Greco)	



Op.cal	counterpart	search	
problem	statement	

•  Sky	error	area	(3	detectors):	30-100	deg2	
•  For	BNS	absolute	magnitude	~	-16	mag	
•  Alert within tens of minutes (with human vetting) 
•  We want to find OC candidates as soon as possible for 

further spectroscopic follow-up 
	
Two	approaches:	
•  Targeted	search	
•  blind	search	
	
Efficient	search	requires:	
–  Reference	catalogs/images	(Pan-Starrs,	Slymapper,	SDSS)	
–  EliminaLon	of	fore-	and	back-ground	events	(mulL-epochs	
full	sky	surveys)		

A List of Galaxies for Gravitational Wave Searches 4

Figure 1: Scatter plot showing distribution of galaxies in GWGC on the sky (top), and the
distribution in ∼ 2 degree bins (middle) and 6 degree bins (bottom). The choice of bin size
represents the best and median localisation of error circles on the sky obtainable with the
LIGO/Virgo network of detectors (Fairhurst 2009). This highlights the importance of using
an available list of galaxies, as we must choose the best fields within a LIGO/Virgo error
circle to observe.

White	et	al.	2011	

A.	Grado		CRIS2018	Portopalo	2018-06-18	



Observa.onal	strategy	
Wide	error	area		

	 	+	 	 	 	 	 	 	 	 	 	Targeted	search	
nearby	source			

	 	 	 	 	 	 	 		
We	need	a	complete	galaxies	catalog	
GWGC	(white	2011)	complete	up	to	40	Mpc	for	MB=-15	mag	
Small	to	moderate		
Error	area	

	 	+	 	 	 	 	 	 	 	 	 	Blind	search			
far	source		 	 	 	 	 	 	 		

	 	 	 	 	 	 	 		
20	deg2	error	area		~200	Mpc	define	a	volume	with	~	500	
galaxies	L	>	0.1	x	L*	(L*	~	luminosity	of	Milky	Way)	

A.	Grado		CRIS2018	Portopalo	2018-06-18	



Blind	search	@VST	
Two	companion	programs	on	ESO	GTO	Lme	(in	reward	of	
telescope	and	camera	construcLon):	
•  On	VST-GTO:	PI	A.	Grado	
•  On	OmegaCam-GTO:	E.	Cappellaro	

A.	Grado		CRIS2018	Portopalo	2018-06-18	

	
Located	on	Paranal	Chile	
In	operaLon	since	October	2011	
	
Ø 	Primary	mirror:	2.6m	
Ø 1.46	deg	corrected	FoV	(∅)			
Ø 80%	EE	in	0.4ʺ	

Camera	OmegaCam	
	
Ø 	268	Mpixel	1°x1°	FoV	
Ø 0.21	arcsec/pixel	
Ø 	32	scienLfic	CCDs	+	4	outer	CCDs	
Founds,	design	and	construcLon	@Osservatorio	di	Capodimonte	
	



Processing	astronomical	images	

Go	from	raw	to	instrumental	signatures	cleaned	
full	calibrated	images	
	
	

CCD	offset	

IlluminaLon	correcLon	

Low	and	high	spaLal	frequency	
pixels	gain	variaLon		

CCD	gain	harmonizaLon	

Geometrical	distorLon	correcLon	

TangenLal	projecLon		

Astronomy & Astrophysics manuscript no. EMGW c� ESO 2018
June 2, 2018

The search of GW optical counterpart in the Multi-Messenger

Astronomy Era

S. Zaggia1, A. Grado2, and M. Capaccioli2,3

1 INAF - Osservatorio Astronomico di Padova, vicolo Osservatorio, 5, 35122 Padova, (ITALY)
e-mail: simone.zaggia@oapd.inaf.it

2 INAF - VSTceN, Via Moiariello 16, 80131 Napoli, (ITALY)
e-mail: agrado@na.astro.it

3 Dipartimento di Fisica, Università Federico II, Napoli (ITALY)
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ABSTRACT

Context. The existence of tidal tails in globular clusters are know since 1996 (Grillmair et al.). Very few of these tails have been
studied in detail.
Aims. Measure the shape, dimensions and stellar constituents of globular clusters tidal tails. This will help in constraining their
dinamical evolution and interaction with the Milky Way.
Methods. Images in V and I from the WFI camera of 2.2m in La Silla have been used to extract a PSF photometric stellar catalogs of
stars on a large area in the globular cluster NGC2808.
Results. Stellar map of the tidal tail and CMD of the custer.
Conclusions. We found that the tidal tail is non existent.???

Key words. globular clusters – dynamics – stellar evolution

1. Introduction

The gravitational event GW170817 on August 17th 2017 has
started the Multi-Messenger astronomy showing the capability
of the synergic searches to provide an incredible amount of new
physical informations. In spite of the substantial reduction of
the sky error box, thanks to the detectors triangulation involv-
ing Virgo, the search of optical counterpart is challenging in par-
ticular if coming from GW sources far away that implies faint
optical transients. In order to maximize the probability to detect
the optical transient associated to GW it is necessary to take into
account several parameters, including the specific characteristics
of the telescope used for the search. We describe the e↵ort and
the technics used for the optical surveys used for such searches
considering in particular the case of the program based on the
VLT Survey Telescope facility at ESO Cerro Paranal.

2. The observing datasets

.

3. Data reduction

Istacked
science�ready =

X

i

}{ �{ Ii
raw � Bias

FF ⇥ Harmgain
⇥ IC}} + Zp (1)

where Imsurfit is a Chebyshev polynomial image fit,
<twilight-flat> is the median value over the twilight-flat and
IC is the illumination correction map. Basically the SkyFlat is
used to correct the large scale gain variations and the high S/N
TwilightFlat is used to correct for the high-frequency pixel to

pixel sensitivity variations. The necessity of the illumination cor-
rection map comes from the fact that scattered light in telescope
and instrument due to insu�cient ba✏ing may result in an un-
controlled redistribution of light. In the presence of this additive
e↵ect the flat field will not be an accurate estimate of the spa-
tial detector response. Indeed, after flat-fielding, the image back-
ground will appear perfectly flat but the photometric response
will be position dependent. This error in the determination of
the flatfield can be mitigate through the determination and ap-
plication of the illumination correction map. The procedure to
determine the IC was the follow. Photometric standard fields
were processed up to the creation of a mosaic (mosaic with a
single exposure). The magnitudes comparison with the standard
catalog will give information about the position dependent zero-
point error. Eventually several standard fields can be put together
to have a better mosaic spatial coverage. The magnitude di↵er-
ences are fitted with a Chebyshev polynomial surface (see figure
??) and a fits image (one for each CCD) will be produced.

4. Conclusions

It has been a pleasure to work on this project.
Even more for me .....

Acknowledgements. S.Z. acknowledge the OAC for kind hospitality during the
development of this project.
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Absolute	photometric	calibraLon	

VST	images	processed	with	VST-Tube	pipeline	(100.000	lines	Python,	C	in	house	dev.	
code	A.	Grado	et	al.	2012	MSAIS,	19,	362)		



EM	counterpart	search:	a	very	tough	task	

Find	ONE	transient	in	the	GW	error	area.	For	the	
first	two	events	90%	enclosed	prob.	~	200-1000	
deg2	
	

•  10-50	SN	
•  	>	100	AGN	
•  Thousand	of	variable	stars	
•  Thousand	of	asteroids	

A.	Grado		CRIS2018	Portopalo	2018-06-18	

In	1	deg2	~	300k	sources	!!	



Transients	search	in	Grawita	

Two	complementary	pipeline	for	transients	search	
•  diff-pipe	images	subtracLon	(Cappellaro	et	al.	
2015)		
	 	PRO:	deeper	(with	good	seeing,	transients	
	detected	up	to	r=22	mag	AB),	for	crowded		
	fields,	source	embedded	in	extended	objects;	 	
	 	CON:	slow,		more	sensible	to	images	defects		

•  phot-pipe	(S.	Covino)	comparison	among	epochs	
in	catalog	space		
	 	PRO:	fast;		
	 	CON:	shallower,	missing	transients	in	 	 	 	
	extended	sources…	

A.	Grado		CRIS2018	Portopalo	2018-06-18	



Results	for	GW150914	event	
Diff-pipe	 Phot-pipe	

IniLal	number	of	
sources	in	all	epochs	

9,000,000	 9,000,000	
	

IniLal	#	of	candidates	 170,000	 54,239	
Total	#	of	transients	 8,000	 939	
#	known	variables		 6722	
#	of	known	SN	in	the	
field/detected	

4/4	

#	new	SN	candidates	 7	

Evident	spurious	and	known	variables	already	removed	

VSTJ57.77559-59.13990		SN	Ib/c	candidate	possibly	
associated	with	Fermi-GBM	GRB	150827A		
	
	

Brocato	et	al.	2018	MNRAS,	474,	411		



GW170817	the	watershed	

NGC4993@	VST	

2017-08-17	12:41:04	UTC	

Two	neutron	stars		
M1	=	1.36	–	1.6	M¤	

M2	=	1.17	-1.36	M¤	AbboH	et	al.	2017,	PRL,	119,	1101	

Thanks	to	Virgo	error	area	reduced		
from	190	deg2	to	28	deg2	



62	telescopes	for	opLcal/infrared	photometric	and	spectroscopic	follow-up	
	

For	X/radio		follow-up	see	Melandri’s	talk			

AbboH	et	al.	ApJL,	2017,	848,	L12,59	

The	largest	mul.-messenger	campaign	
ever	done		



Discovery	of	the	kilonova	
targeted	search:	sss17a=DLT17ck=AT2017gfo

		SSS17a = DLT17ck = AT2017gfo

Coulter et al. 2017
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SSS17a = DLT17ck = AT2017gfo

Coulter et al. 2017

SWOPE 1m 

Valenti et al. 2017, Yang et al. 2017
PROMPT 0.6m

Discovery of the kilonova

23:33 UT

DLT40

12.40h

REM

GW: 12:41:04 UT

SSS17a 
GCN 

+12.40h 
REM	+	12.40	

GW	at		
12:41:04	UT	



Grawita’s	follow	up	of	AT2017gfo		
•  From	12.8	h	to	144	d	
•  BgVRrIiz	(~	9	h		on	source)	
•  Spectroscopy	(~15	h	on	source)	
•  REM,	VST,	VLT/X-shooter,	VLT/

Fors2	
•  Not	visible	from	TNG,	Asiago,	C.I.	

’s photometric follow-up observations

• from 12.8 hr up to 16.5 days 
• BgVRrIiz imaging (~6 hr on source) + spectroscopy (~15 hr on source, see Cappellaro’s talk) 
• REM, VLT/X-shooter, VLT/FORS2, VLT/VST  (not visible from TNG, Asiago, C.I.),….

Pian, D’Avanzo et al. 2017, Nature, 551, 67

VST Swift/UVOT Chandra

Credits: A. Grado (INAF) Evans et al., 2017 Troja et al., 2017

Pian et al., 2017

Pian et al., 2017Covino et al., 2017 Evans et al., 2017
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Grawita’s	follow	up	of	AT2017gfo		
•  	from	12.8	h	to	144	d	
•  BgVRrIiz	(~	9	h		on	source)	
•  Spectroscopy	(~15	h	on	source)	
•  REM,	VST,	VLT/X-shooter,	VLT/

Fors2	
•  Not	visible	from	TNG,	Asiago,	C.I.	
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Discovey	of	the	Kilonova	
never	seen	spectrum	

Shappee et al. 2017

CC SN ?

Discovery of the kilonova
Shappee	et	al.	2017		

Credit:	E.	Cappellaro	

A`er	3	days	the	
spectrum	of	AT2017gfo	
are	different	from	ANY	
other	known	transient	



What	we	learned?	
very	fast	expansions		

Credit:	E.	Cappellaro	
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First	spectrum	at	t=0.49d		
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Virgo Collaboration (LVC) detected GW170817, a gravitational wave (GW) signal from a bi-

nary neutron star merger (20). A contemporaneous and weak short GRB was detected by

the Fermi and INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) telescopes

(21, 22). Following the GW trigger, our team, the One-Meter, Two-Hemisphere (1M2H) col-

laboration, identified an optical counterpart, Swope Supernova Survey 2017a (SSS17a), 10.87

hours after the merger (23, 24). SSS17a was located in the galaxy NGC 4993 (23, 24), at a

distance of 40 megaparsecs (Mpc) (25), which is an order of magnitude closer than previous

gravitational wave detections. This discovery was immediately announced to the LVC, and we

began a comprehensive followup campaign that extended for nearly three weeks. A companion

paper presents extensive ultraviolet (UV), optical, and near-infrared (near-IR) photometry of

SSS17a, following the light curve of SSS17a as it reddened and faded (26).

11.75 hours after the GW170817 trigger, we obtained an optical spectrum of SSS17a with

the Low Dispersion Survey Spectrograph-3 (LDSS-3) on the Magellan/Clay telescope at the

Las Campanas Observatory, Chile. This early spectrum shows a smooth blue continuum ex-

tending over the entire optical wavelength range (Figure 1) (27). In the next hour we obtained

three additional spectra at higher resolution using LDSS-3 and the Magellan Echellette (MagE)

spectrograph on the Magellan/Baade telescope before SSS17a set and was no longer observable

from Chile. The transient faded measurably at the bluest wavelengths during the short time

interval covered by these initial spectra, while the spectra redward of 5000 Å did not evolve in

this time span (Figure 1).

Motivated by the fact that the UV–optical spectral energy distribution (SED) observed 3� 4

hours later (at t = 0.67 days after the merger) is well approximated by a blackbody (26), we

fit blackbody models to the observed rest-frame, dereddened spectra to quantify the very early

spectral evolution. The fitting procedure is described in (28). The best-fitting model results in

a temperature of 11, 000+3400
�900 K and radius of 3.3+0.3

�0.8 ⇥ 1014 cm at t = 0.49 days. The listed
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uncertainties represent 90% confidence intervals. Although the peak of the blackbody is located

at UV wavelengths that we do not observe, the combination of the known luminosity and the

spectral slope from 3800�10000 Å provides significant constraints on the temperature. For ma-

terial to reach this radius so quickly requires an expansion velocity of 77, 000+7000
�20,000 km s�1, or

0.26+0.02
�0.07 c, where c is the speed of light. In comparison, typical supernovae have bulk velocities

of 10, 000 km s�1. Even the most energetic supernovae, which are associated with long-duration

GRBs, have peak measured photospheric velocities of ⇠ 20, 000 � 50, 000 km s�1 2�3 days

post-explosion (29), less than what we infer here for the GW counterpart. While the velocity of

these systems may be even higher in the first day post-explosion, early spectra within 24 hours

of explosion are not widely available for GRB-supernovae.

For the MagE spectrum at t = 0.53 days, we fit a blackbody temperature of 9300+300
�300 K

and radius of 4.1+0.2
�0.2 ⇥ 1014 cm. The uncertainties on the temperature fits are not normally dis-

tributed, but we find that the difference in temperature between the LDSS-3 and MagE spectra

is significant at 5� confidence. This drop in temperature over only an hour indicates that the

expanding ejecta are cooling rapidly. A similar velocity of 90, 000+4000
�4000 km s�1 (0.30+0.01

�0.01 c) is

inferred from this spectrum.

On subsequent nights, we acquired optical spectroscopy of SSS17a covering more than a

week after the explosion using both Magellan telescopes. The majority of the spectra were ob-

tained with LDSS-3, but we also observed the source with the Inamori Magellan Areal Camera

and Spectrograph (IMACS) and the Magellan Inamori Kyocera Echelle (MIKE) spectrograph.

Our spectroscopic time series of SSS17a spans from 0.49 to 8.46 days after the GW170817

trigger (Figure 2). A description of the acquisition and reduction of these spectra and a log of

all spectroscopic observations are presented in the Supplementary Material (28).

We searched the higher-resolution MIKE and MagE spectra for absorption or emission lines

from the host galaxy, as well as for Na I D absorption from the Milky Way. Using the strength

5

Expansion	velocity:	

Shappee	et	al	2017	
~	0.3	c	



Kilonova	as	heavy	elements	factory	
Kasen	et	al.	2013	 SyntheLc	spectra	at	

2.5	days	for	r-
process.	
BE	CAREFULL	
NO	individual	lines	
can	be	see	

Kasen et al. 2013
Kilonova models 

predict the emergence 
of broad features of r-

process elements 

Nucleosynthesis

“Iron”

“Lanthanides”

Kasen et al. 2013
Kilonova models 

predict the emergence 
of broad features of r-

process elements 

Nucleosynthesis

“Iron”

“Lanthanides”

observaLons	

Kilonova	model	with	lanthanides	



X-Shooter	follow	up	of	AT2017gfo		



Kilonova	as	heavy	elements	factory	



Conclusion		
•  The	mulL-messenger	era	involving	GW	is	started	
•  An	extraordinary	worldwide	effort	has	been	made	to	find	and	follow-up	

the	GW	counterpart		
•  The	EM	counterparts	complement	the	amazing	GW	signal	giving	insight	

in	several	physical	aspects		
–  H0	Independent	method		
–  GWs	propagates	at	light	speed	(from	sGRB	)	
–  First	kilonova	with	evidence	of	heavy	elements	r-process	nucleosynthesis	

•  Open	quesLons:	
–  GW170817	produced	by	NS-BH	or	BNS?	
–  Remnant,	NS	or	BH	?	
–  BeHer	understanding	of	kilonova	process		

•  A	large	European	group	(ENGRAVE	230	people)	will	make	spectroscopic	
follow-up	of	GW	using	ESO	faciliLes		

•  We	look	forward	for	the	O3	ALIGO/AVirgo	run	to	detect	more	kilonovae	
events	and	gain	deeper	knowledge	on	Universe		

A.	Grado		CRIS2018	Portopalo	2018-06-18	



Thanks	

NGC4993@VST	+6.4days		



Kilonova	AT2017gfo		
observations Pian et al. 2017, 
                       Smartt et al. 2017 
models Kasen 2017 

Synthetic spectra computation 

Two	components	model	match		
BeHer	the	observaLons			

Kasen	2017	
observaLons	



Grawita’s	Proposals		

•  Proposal	VST	(P102	80	h	up	to	8	events	30deg2)	
•  Proposal	LBT	2018B	65h	
•  Proposal	TNG	(10/2018-4/2019	90h)		
•  Asiago,	Campo	Imperatore		
•  Proposal	ENGRAVE	200	Co-I	(P102-P104,	200	h	X-
shooter,	Fors2)	

•  Proposal	ENGRAVE	(P102,	10	h	MUSE)			
•  Proposal	NOT	(P57	14	h)	
•  REM	(AOT37	40	h)	
	


