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Masses curve the space-time 

When the space  is curved the 
distance of the two points varies 

Distance  of two points 
In flat space 

When masses move, explode, interact, the distance among points changes:  
gravitational waves are ripples in space time generated by motion of mass-energy,  
propagating at the speed of light  2 



Gravitational waves amplitude 

• The amplitude is very low 

Q(t) is the quadrupolar 
moment of the source  
r is the distance from the  
source 

h is the amplitude of the gravitational wave  (the amplitude of the pertubation of 
the metric tensor) 

• Gravitational waves are generated by sources 
with a certain degree of asymmetry 

A spherical  gravitational collapse does not generate 
gravitational waves 

Non -spherical  gravitational collapses, coalescing 
black holes or neutron stars, non axisymmetric 
rotating  stars do generate gravitational waves – 
they are the target sources of GW search 3 



Effects of a GW 
• Consider a ring a free falling masses and a GW impinging 

normal to the plane of the ring   

GW is transverse  produces 
deformation only in the plane 
normal to the propagation 
2 polarization – the effect is 
rotated by 45°  

A Supernova explosion in our galaxi   

4 



Interferometric detectors 
• The interferometers are a natural way to detect quadrupolar 

deformations 

When a GW impinges on the plane of the interferometer the lenght of the arms is varied in 
opposite way  the beams recombining at the beam splitter acquire a differential phase 
changing the interference  condition  variation of the light impinging on the photodiode  5 



Main targets sources  

• Coalescing binaries  

 

•  Rotating neutron stars 

   

 

• Supernova explosions, Stochastic background….. 

 

 

 

CHIRP 2310h
r = 10 Mpc 
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Order of Km detectors: a legacy of the past 
decade for the ADV generation 

600m  4 Km 

3 Km Proposal 
In construction 
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NOISE AND SENSITIVITY 

The 1st generation design sensitivities have been approached closely (and somewhere 
exceeded upon detector upgrades)  

8 



Some paricularities: Virgo Low frequency 
behaviour  
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Monolithic suspensions and thermal 
noise  

   After the installation of 

monolithic suspensions the measured 
sensitivity is below the expected steel 
wire thermal noise  

 Good hint that we were 
before limited by steel wires 
thermal noise 10 



Remarks on LIGO intermediate and 
high frequencies 
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Squeezing: something for (almost) 
nothing 

• One can reduce quantum noise 
by injecting squeezed light into 
Advanced LIGO 

– 3 dB injected squeezed light = 2x 
reduction in power 

• Recently demonstrated on 
GEO600  (Run S6b in common 

       with Virgo VSR4) 

• On LIGO, the goal was to 
understand noise couplings, 
locking techniques, losses 

• Successfully injected squeezed 
light into Hanford H1 
interferometer and 
demonstrated > 2 dB reduction 
in shot noise 
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Squeezer source 
(Australian 

National 
University design) 

LIGO 
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Back scattered light,  
remedy identified  

Barsotti, Dwyer, Sigg, Kawabe,  

Evans, Smith, Chu, Mavalvala 2011 

Squeezing the LIGO Interferometer! 
LIGO 



Common RUNs  - interesting results – 
upper limits - …………….! 

 
• a 
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See Brennan HUGHEY Talk 



THE LEGACY OF THE PAST DECADE 
• 1st generation detectors were a success: 

– established the infrastructures 
– basically reached the design sensitivities 
– realized robust and reliable instruments 
– developed the paradigm for data analysis 
– established a network 
– started the multi-messenger approach 
– did real astrophysics 
– tested some technologies for 2nd generation (and beyond) 
– a large (O(1000)) community grew around these projects and is now solidly 

established 

 

• We still need a factor 10! 
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Early Advanced LIGO history 
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Initial LIGO 

5 W 

250 W 

10 kW 
10 kW 

LIGO 

Initial LIGO 

hmin ~ 3 x 10-23 √Hz 

125 W 

700 kW 
700 kW 

4 kW 

Advanced LIGO 

    Advanced LIGO/Virgo    

Advanced LIGO 

hmin ~ 3 x 10-24 √Hz 
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Advanced LIGO/virgo overview 

What is Advanced? 

EOM Laser 

 

Parameter Initial LIGO/Virgo Advanced  
LIGO/Virgo 

Input Laser Power 10 W  

(10 kW arm) 

180 W 

 (>700 kW arm) 

Mirror Mass  10 kg/20kg 40 kg 

Interferometer 
Topology 

Power-recycled 
Fabry-Perot arm 
cavity Michelson  

Dual-recycled 
Fabry-Perot arm 
cavity Michelson 

(LIGO stable 
recycling cavities) 

GW Readout 
Method 

RF heterodyne DC homodyne 

Optimal Strain 
Sensitivity  

3 x 10-23 /  rHz  

6 x 10-23 /  rHz  

 

Tunable, better 
than 5 x 10-24 /  

rHz in broadband 

Seismic Isolation 
Performance 

flow ~ 50 Hz 

flow ~ 10 Hz 

 

flow ~ 12 Hz 

flow ~ 10 Hz 

 

Mirror 
Suspensions 

Single Pendulum/ 

Hepta Pendulum  

Quadruple 
Pendulum/ 

Hepta Pendulum  



The expected sensitivity 
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  ISI:  

Two-Stage  

Internal  Seismic  
Isolator 

  HEPI:  

Hydraulic External 

Pre Isolator 

  ISI: 

 Single Stage 

 Internal  Seismic  
Isolator 

 HEPI:  

Hydraulic External 

Pre Isolator 

HAM Chambers Equipment   

 BSC Chambers Equipment  

Advanced LIGO Seismic 

 Isolation 
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No Control

S1 and S2 under HFB Control

S1 under HFB, S2 under LFB

Sensor Correction ON
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Advanced LIGO Suspensions 



Advanced LIGO/Virgo Core Optics 
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• 40 kg masses, 38 cm in diameter,  
and figured to 0.15 nm rms 
• Optical coatings are challenging  
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Expected detection rates for binary mergers 

• Binary coalescences rates  
– neutron star (NS) = 1.4 M


, Black Hole (BH) = 10 M

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• The error bar is large and important! 

Abadie, et al. “Predictions for the Rates of Compact Binary 
Coalescences Observable by Ground-based Gravitational-wave 
Detectors” CQG 27 173001 (2010), arXiv:1003.2480 

Initial  

LIGO/Virgo 

Advanced 

LIGO/Virgo 

From a “chance” to a GW astronomy 

http://arxiv.org/abs/1003.2480


Advanced LIGO/Virgo 
schedules 
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2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

S5 data run 
e-LIGO installation 
and commissioning S6 data run Dark period 

S6 data analysis & preparations  
for Advanced LIGO/Virgo commissioning and open data 

Advanced LIGO Project 

Commissioning & initial data  
With Advanced LIGO  

now 

Adv LIGO 
Installation 

begins 

VSR2          VSR3 VSR4 Comm 
V+ installation  

and commissioning 
VSR1 V+MS Dark period 

Virgo commissioning 
& engineering runs  

Virgo 

LIGO 

Advanced Virgo Project 

GEO Astrowatch 



The commissioning struggles 
• All detectors went through a long commissioning/learning phase 

– Asymptotic process.  It slows down when approaching the design curve 

• Many common troubles: great benefits from reciprocal exchanges (to 
be continued in the advanced detectors era)  

  
 

 Lessons we had to learn: 

- operating controls 

- coping with increasing 

complexity of the optical 

configuration 

- coping with thermal effects 

- coping with scattered light 

- identifying unknown noise 

- fix detector bugs 

- …and many others 
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Sketch of possible progression for 

Advanced LIGO sensitivity 
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    Early short run: 

25w laser input, no signal recycling 

   ~10x excess low frequency noise 

BNS Inspiral Range:       60 Mpc 

BBH Inspiral Range:      227 Mpc 

Stochastic Omega:          1.5e-7 

    First extended run: 

25w laser input, no signalrecycling 

    BNS: 142 Mpc 

BBH: 1400 Mpc 

Stochastic Omega:  3e-9 

    125w laser input, signal recycling 

 BNS Inspiral Range:      200 Mpc 

BBH Inspiral Range:     1640 Mpc 

Stochastic Omega:          2.25e-9  

… so this is not an official 

plan for the configuration 

evolution, rather, an 

educated guess at how 

aLIGO might evolve  

Reaching LF target  

sensitivity is 

challenging… 

D. Shoemaker, 2011 
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The Advanced GW Detector Network 
GEO600 (HF) 

Advanced LIGO  

Hanford  

 

Advanced LIGO  

Livingston  

  

Advanced  

Virgo 
LIGO-India? 

LCGT  



Extending the collaboration to the other 
astronomical, neutrinos, gamma 

rays..,observatories   

“LSC AND VIRGO POLICY ON RELEASING GRAVITATIONAL WAVE TRIGGERS TO 
THE PUBLIC IN THE ADVANCED DETECTORS ERA 
 
….They are open to all requests from interested astronomers or astronomy projects 
which want to become partners through signing an MoU. They encourage colleagues to help 
set up and organize this effort in an efficient way to guarantee the best science can be done 
with gravitational wave triggers. 
After the published discovery of gravitational waves with data from LSC and/or Virgo 
detectors, both the LSC and Virgo will begin releasing especially significant triggers promptly 
to the entire scientific community to enable a wider range of follow-up observations. This will 
take effect after the Collaborations have published papers (or a paper) about 4 GW events, at 
which time a detection rate can be reasonably estimated.  
….Throughout the Advanced Detectors era, the LSC and Virgo will release appropriate 
segments of data from operating detectors corresponding to detected gravitational waves 
presented in LSC/Virgo authored publications, at the time of the publication, including the first 
claimed detection of gravitational waves.” 

28 
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Conclusion 
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