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“Space'me	tells	ma-er	how	to	move;	ma-er	tells	space'me	how	to	bend”		

(John	Archibald	Wheeler)	
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Time	in	General	RelaEvity	

	 Time	flows	more	slowly	as	the	gravitaEonal	field	increases	

tuOoin1.it	
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General	RelaEvity	in	our	pocket:	the	GPS	
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Sun	 Neutron	star	 Black	hole	
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Ripples	in	space+me	moving	at	the	speed	of	light	
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1000 kg 

1000 kg 
Credits: B. Barish 

 try to build at home…

M = 1000 kg

     R = 1 m

     f = 1000 Hz

           

h	~	10-35	
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How	to	generate	a	detectable	gravitaEonal	wave?		

Binary system with 2 neutron stars (1.4 solar mass each)    

     R = 20 km

    f = 400 Hz

    r = 5 1023 m (15Mpc i.e. about 50 million light years)

            𝒉~ ​𝟏𝟎↑−𝟐𝟏 	
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Binary	systems	(made	of	

BHs,	NSs,	or	both)	
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Supernova	explosion	
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Casey Reed, Penn State  

RotaEng	neutron	stars	
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Only	GWs	can	escape	from	the	earliest	moments	of	the	Big	Bang	

StochasEc	

background	of	GWs	

(the	gravitaEonal	

equivalent	of	the	

cosmic	microwave	

background)	
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GWs	in	oblivion	for	about	40	years…	

•  …about	Ell	beginning	of	sixEes	
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EXPLORER		

CERN	

The	network	of	bar	detectors	

NAUTILUS		

CERN	!	INFN	NaEonal	Labs	in	FrascaE

	

AURIGA	

INFN	NaEonal	Labs	in	Legnaro	

ALLEGRO		

Louisiana	
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DetecEng	GWs	with	light	
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Rainer	Weiss	
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The	first	proposals	
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DetecEng	GWs	with	light	
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Laser	

Mirrors	

Photodiode	
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Displacement:	10-18	m	
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1	m	

10-10	m	

÷	10.000	

10-4	m		

÷	100	

10-6	m	

÷	10.000	
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How	to	build	a	GW	interferometer	
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LIGO	India	
(recentemente	

approvato)	
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Fufuture	project	
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14	September	2015	11:50:45	CET	
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• 	IniEal	masses	of	the	two	BHs:	36	Msol	and	29	Msol	

• 	Final	mass	=	62	Msol	

• 	3	solar	masses	have	been	converted	in	gravitaEonal	energy	

E	=	mc2	

50	x	light	emiOed	by	all	the	stars	in	the	Universe	in	a	few	tenths	of	seconds	

	

• 	Distance	=	1,3	billions	light	years	

• 10-18	meters	measured	by	the	interferometer	

	



2017	Nobel	Prize	
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August	17,	2017	
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NASA's	Goddard	Space	Flight	Center/CI	

GW170817:	the	localizaEon	

LIGO,	Hanford,	WA	

LIGO,	Livingston,	LA	

Virgo,	Cascina,	Italy	
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The	internaEonal	network	

GW	observatories	
M	observatories	

About	70	ground	and	space	telescopes	followed	up	this	event	

V.	Fafone	-	INSPYRE	2023	-	28.3.2023	



V.	Fafone	-	INSPYRE	2023	-	28.3.2023	

La	localizaEon	of	the	source	



What we learnt:  
 

(i)  GWs came first and after 1,7 seconds a gamma ray burst was observed              

!   binary neautron star mergers are the progenitors of short gamma ray bursts 

 

V.	Fafone	-	INSPYRE	2023	-	28.3.2023	

The	birth	of	mulEmessenger	astronomy	



What we learnt:  

       

(ii)  From the followingUV, visible and IR emission 

      ! we understood where heavy elements are made 
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The	birth	of	mulEmessenger	astronomy	



Iridium	

Z=	77,	A=	192	

PlaEnum	

	Z=	78,	A=	195	

Gold	

	Z=	79,	A=	197	

Lead	

	Z=	82,	A=	207	

Binary neutron star mergers as factories of heavy elements in the Universe 
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The	Observing	Runs	
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•  Three	observing	runs	performed	so	far:	
–  O1:	September	12th	2015	to	January	12th	2016;	

–  O2:	November	30th	2016	to	August	25th	2017;	

–  O3:	April	1st	2019	to	March	27th	2020.	

•  Each	observing	run	has	been	followed/proceeded	by	an	upgrade	and	
commissioning	phase;	

•  We	are	now	compleEng	the	upgrade/commissioning	phase	toward	O4,	
planned	to	start	in	May	2023	

Before	LIGO-Virgo	detecEons	
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LOOKING FURTHER 

IS THE GOAL 
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Detec%on distance of GWD


Z=0,82	(GW190521)	

Z~2	(2G	GWD)	

3G	Target	
Image	credit:	NAOJ/ALMA	hOp://alma.mtk.nao.ac.jp/	 V.	FAFONE	-	INSPYRE	2023	-	28.3.2023	
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The	further	future	in	Europe:	Einstein	Telescope	(ET)	
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The	further	future	in	Europe:	Einstein	Telescope	(ET)	



ET	site(s)	

•  Currently	there	are	two	sites,	in	Europe,	candidate	to	
host	ET:	
•  The	Sardinia	site,	close	to	the	Sos	EnaOos	mine	

•  The	EU	Regio	Rhine-Meusse	site,	close	to	the	NL-B-D	border	

•  A	third	opEon	in	Saxony	(Germany)	is	under	discussion	

Sites	are	invesEgated	through		
•  seismic	noise	measurements	on	surface,	in	boreholes	and	in	

mine	(Sardinia)		

•  MagneEc	and	ambient	noises	measurements	

•  Geophysical	and	geotechnical	characterizaEons	

Large	funds	needed	to	elaborate	and	propose	the	
candidature	of	the	sites	
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The	further	future	in	the	US:		

Cosmic	Explorer	
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From	underground	operaEon….	

…to	the	space	

Space	detectors:	eLISA	
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LISA	concept	

Heliocentric	orbit,	1	AU	radius,	

following	the	Earth	by	20°	

The	plane	of	the	constella+on	

is	inclined	by	60°	on	the	

eclip+cs	
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V.	Fafone	

•  Current	(lack	of)	understanding	of	the	Universe	

!  To re-compose a photograph 

of the Universe we need to 

observe it with several “eyes”:

!  E.M. astronomy 

!  Neutrino astronomy 

!  Gravitational wave astronomy 

Multi-messenger and multi-wavelenght observation! 
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A.	ROCCHI	-	AASSPHD	2022/23	 54	

Thank	you	for		

your	aLen+on	


