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Gravity is a manifestation of spacetime curvature induced by mass-energy 
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Einstein’s Theory of Gravitation 

“Spacetime tells matter how to move; matter 
tells spacetime how to curve”  

(John Archibald Wheeler) 
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Weak	field	approxima/on

The	Einstein	equa/on	in	vacuum		becomes

Having	solu/ons	
	
	
Space/me	perturba/ons,	propaga/ng	
in	vacuum	like	waves,	at	the	speed		
of	light	:	gravita/onal	waves	
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Main features 
 
•  2 transversal polarization states 

•  Associated with massless, spin 2 particles 
  (gravitons) 

•  Emitted by time-varying quadrupole mass moment  
  no dipole radiation because of conservation laws  
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Gravitational waves are strain in space propagating with the speed of light 
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Gravitational Waves	
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Gravitational Waves 

Comparison with electromagnetic waves 

Horizontal 
polarization 

Vertical 
polarization 

Plus 
polarization 

Cross 
polarization 

The so-called “electromagnetic theory of light” has not  helped us hitherto . .   
it seems to me that it is rather a backward step . . . the one  thing about it that seems 
intelligible to me, I do not think is admissible . . That  there should be an electric 
displacement perpendicular to the line of propagation’                                   Lord Kelvin 
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GW OBJECTIVES 
FIRST DETECTION 
test Einstein prediction 
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ASTRONOMY & ASTROPHYSICS 
look beyond the visible,  
understand Black Holes,  

Neutron Stars and supernovae 
understand GRB 

COSMOLOGY 
the Planck time: 

look as back in time as theorist can conceive 





SUPERNOVAE.
 If the collapse core is non-symmetrical, 
the event can give off considerable 
radiation in a  millisecond timescale.

SPINNING NEUTRON STARS. 
Pulsars are rapidly spinning neutron 
stars. If they have an irregular shape, 
they give off a signal at constant 
frequency (prec./Dpl.) 

 
COALESCING BINARIES.
Two compact objects (NS or BH)
spiraling together from a binary orbit 
give a chirp signal, whose shape 
identifies the masses and the distance 

Information
Inner detailed dynamics of supernova
See NS and BH being formed
Nuclear physics at high density

 

Information 
Neutron star locations near the Earth 
Neutron star Physics 
Pulsar evolution

 
 

Information 
Masses of the objects 
BH identification 
Distance to the system 
Hubble constant 
Test of strong‑field general relativity

 
STOCHASTIC BACKGROUND.
Random background, relic of the early 
universe and depending on unknown 
particle physics.  It will look like noise
in any one detector, but two detectors 
will be correlated. 

Information 
Confirmation of Big Bang, and inflation 
Unique probe to the Planck epoch 
Existence of cosmic strings





     



The main point of this presentation was 
that it is relative accelerations of 
neighboring free particles that are the 
physically meaningful (i.e.,measurable) 
ways to observe gravitational effects.  
Pirani points out the transparent 
connection between the equation of 
geodesic deviation and Newton’s Second 
Law, as long as one identifies Ra0b0 with 
the second derivative of the Newtonian 
potential (i.e., as the tidal field.)  

To make sure everyone sees how important and simple this is, he remarks, “By 
measurements of the relative accelerations of several different pairs of particles, 
one may obtain full details about the Riemann tensor. One can thus very easily 
imagine an experiment for measuring the physical components of the Riemann 
tensor”.  

  from: P. Saulson, Gen Relativ Gravit (2011) 43:3289–3299 
 



Joe Weber at Chapel Hill 

Joe Weber, co-inventor of 
the maser, was a U Md 
professor, on sabbatical in 
1956 -57 with  
John Wheeler at Princeton. 
   At the Chapel Hill 
conference in Jan 1957,  
they heard the key talk by 
Pirani that clarified that 
GW’s were real, because 
they could (in principle) 
be detected. 

17 LIGO-G1400715v2 Detection Workshop, IPTA@Banff, 
27 June 2014 



•  GWs are detectable in principle 
   The equation for geodetic deviation is the basis for all experimental attempts to 
   detect GWs: 
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•  GWs change (δl) the distance (l) between freely-moving particles in empty 
   space. 
   They change the proper time taken by light to pass to and fro fixed points in 
    space 
    In a system of particles linked by non gravitational (ex.: elastic) forces, GWs  
    perform work and deposit energy in the system 

Beam splitter

Photo detector
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Weber’s bar 

   Weber’s detector 
embodied Pirani’s 
gedankenexperiment.  
   It was a cylinder of 
aluminum, each end of 
which is like a test mass, 
while the center is like a 
spring. PZT’s around the 
midline absorb energy to 
send to an electrical 
amplifier. 

19 LIGO-G1400715v2 Detection Workshop, IPTA@Banff, 
27 June 2014 



Weber invented us  
from scratch 

   It was an act of genius (and/or madness) to 
transform a gendankenexperiment into a working 
apparatus and an observing program. 
   Along the way, Weber developed: 

–  Sensitivity calculation and noise analysis 
–  Thermal noise minimization by high Q 
–  Seismic isolation 
–  Coincidence for background rejection 
–  Time slides for background estimation 
–  Inverse False Alarm Rate detection statistic 

 LIGO-G1400715v2 Detection Workshop, IPTA@Banff, 
27 June 2014 
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Weber started seeing things 

   In 1969, Weber made 
his first of many 
announcements that 
he was seeing 
coincident excitations 
of two detectors. 
 

LIGO-G1400715v2 Detection Workshop, IPTA@Banff, 
27 June 2014 
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G.	Pizzella,	E.	Amaldi		



Nautilus, LNF  

Auriga, LNL 

Explorer, CERN 
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60’: Joe Weber  
pioneering work 

 90’: Cryogenic Bars 

Some perspective: 50 years of attempts at detection: 

2000’ -  : Large Interferometers  

1997: GWIC  
was formed 
 
GWIC thesis prize 
named after  
Stefano Braccini  

Since the pioneering work of Joseph Weber in the 
‘60, the search for Gravitational Waves has never 
stopped, with an increasing effort of manpower 
and ingenuity: 



- High precision mechanical experiments (Cavendish, Eotvos, Dicke..) 
 detection of weak forces applied on mechanical test bodies 

- High precision optical measurements (Michelson, laser developers…) 

- Operation of ultraprecise e-m measurement systems (microwave 
 pioneers of World War II) 

- Low temperature physics (K. Onnes) 
 superfluids and superconductors technology 

Experimental gravitational  
physicists are heirs  

to several great traditions: 
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Global Network of Detectors 







BeCer		
seismic		
isola/on	

Higher	
power	
laser	

BeCer		
test	masses	

and		
suspension	
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seismic		
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and		
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foreseen	at	the	end	of	2015	
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GW150914: the signal 

E. Coccia - New Results on GW Search 33 

•  Top	row	leH	–	Hanford					
•  Top	row	right	–	Livingston			
•  Time	difference	~	6.9	ms	

with	Livingston	first	

•  Second	row	–	calculated	
GW	strain	using	
Numerical	Rela/vity	
Waveforms		for	quoted	
parameters	compared	to	
reconstructed	waveforms	
(Shaded)	

•  Third	Row	–residuals	

•  BoCom	row	–	/me	
frequency	plot	showing	
frequency	increases	with	
/me	(chirp)	

September	14th,	2015	at	09:50:45	UTC	

14 Febbraio 2016 
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GW150914: Estimated Strain Amplitude 

•  Numerical	rela/vity	models	
of	black	hole	horizons	
during	coalescence	

•  Effec/ve	black	hole	
separa/on	in	units	of	
Schwarzschild	radius	
(Rs=2GMtot/c2=210km);		
and	effec/ve	rela/ve	
veloci/es	given	by	post-
Newtonian	parameter	v/c	=	
(GMtotπfGW/c3)1/3	

Binary Black Hole System 
•  M1 = 36 +5/-4 Msol 
•  M2 = 29 +/- 4 Msol 
•  Final Mass = 62 +/- 4 Msol 
•  distance=410 +160/-180 MPc 
     (redshift z = 0.09) 
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E. Coccia  

Nautilus - September 14, 2015 

GW150914 
GW150914 
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Use numerical simulations fits of black hole merger to determine parameters, we 
determine total energy radiated in gravitational waves is 3.0±0.5 Mo c2.  The 
system reached a peak ~3.6 x1056 erg, and the spin of the final black hole < 0.7  

Source Parameters for GW150914 







Plausible	scenario		
for	the	opera:on	of	the	LIGO-Virgo	network	over	the	next	decade	

	







Sky	Loca/ons	of	Gravita/onal-wave	Events	GW150914,	
GW151226	and	Candidate	LVT151012	
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Simulated Sky Locations of O1 Events and Candidate 
Including the Virgo Interferometer  



Localization expected for a BNS system 
 

The ellipses show 90% confidence localization areas, and the red crosses show 
regions of the sky where the signal would not be condently detected.  

2016/17 

2019+	

2017/18	

2022+	

80 Mpc


160 Mpc




Mul/-messenger	Astronomy	with	
Gravita/onal	Waves	

X-rays/Gamma-rays	
Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	
Neutrinos	

Mul/-Messenger	Astronomy:		
Gravita/onal	Wave	+	Electromagne/c	+Neutrinos	









•  Savings mainly in weight, launch cost.  
•  Two active arms, not three;  
•  Smaller arms (1Gm, not 5Gm);  
•  Re-use LISA Pathfinder hardware;  

eLISA 

From LISA to eLISA 

2029 



THE GLOBAL PLAN 

•  Advanced Detectors (LIGO, VIRGO) will 
initiate gravitational wave astronomy 
through the detection of the most 
luminous sources  -  compact binary 
mergers. 

 
•  Third Generation Detectors  (ET and 

others) will expand detection horizons 
and provide new tools for extending 
knowledge of fundamental physics, 
cosmology and relativistic astrophysics. 

•  Observation of low frequency 
gravitational wave with eLISA will probe 
the role of super-massive black holes in 
galaxy formation and evolution 



Every newly opened astronomical window has 
found unexpected results  

  

Optical 1609  Galilei Jupiter’s moons 1610 

Cosmic Rays 1912 Muon 1930s 

Radio 1930s Giant Radio Galaxies 
CMB 
Pulsars 

1950s 
1964 
1967 

X - ray 1948 Sco X-1 
X-ray binaries 

1962 
1969 Uhuru  

γ - ray 1961 GRBs Late 1960s+  Vela 

GW 2015  Binary BH mergers 2016 
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