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GW PHYSICS IN A NUTSHELL 
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RIPPLES IN THE COSMIC SEA 

 Linearized Einstein eqs. (far from big masses) admit wave solutions 

(perturbations to the background geometry) 

 

 

 

 

 

 GW: transverse space-time distortions propagating at the speed of light, 2 

independent polarizations 

 

INFN Genova, Feb 17, 2014 G Losurdo - INFN Firenze 3 

0
1

      1  with 
2

2

2

2 











  h

tc
hhg




























0000

00

00

0000

),( )(

hh

hh
etz kzti 

h

TG
4

8

c

G




COUPLING CONSTANTS 

 In SN collapse  withstand O(103)  interactions before leaving the star, GW 

leave the core undisturbed 

 Decoupling after Big Bang  

– GW ~ 10-43 s  (T ~ 1019 GeV) 

–       ~    1    s  (T ~ 1 MeV) 

– γ   ~ 1012  s  (T ~ 0.2 eV) 
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strong e.m. weak gravity 

0.1 1/137 10-5 10-39 

Ideal information carrier,  

Universe transparent to GW all the way back to the Big Bang!!  

GW emission: very energetic events but almost no interaction 



GW DO EXIST 

 PSR1913+16: pulsar bound to a “dark 
companion”, 7 kpc from Earth  

 Relativistic clock: vmax/c ~10-3 

 GR predicts such a system to loose 
energy via GW emission: orbital period 
decrease 

 Radiative prediction of general relativity 
verified at 0.2% level [astro-ph/0407149] 
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P (d) 0322997448930(4) 

d/dt (deg/yr) 4.226595(5) 

Mp 1.4414 ± 0.0002 M
 

Mc 1.3867 ± 0.0002 M
 



Principle of Detection 

Need to measure: DL ~ 10-18 m 

Target h ~ 10-21 

(NS/NS @Virgo Cluster)  

Big challenge for experimentalists! 

Feasible L ~ 103 m 

GW induce space-time  

deformation  

Measure space-time  

strain using light  

Interference fringes 

Credit: M.Lorenzini 
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 BASIC ‘WH’ QUESTIONS 
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WHAT 
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DIRECT DETECTION OF GRAVITATIONAL WAVES 

t 



WHY 
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SHORT-TERM GOAL: CONFIRM THE 1916 

EINSTEIN’S PREDICTION 

MID-TERM GOAL: GW ASTRONOMY 

OPEN A NEW WINDOW  

ON THE UNIVERSE 

GW ?? 



HOW 
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LARGE INTERFEROMETRIC DETECTORS 

SPACE-TIME STRAIN TO PHOTO-CURRENT TRANSDUCERS: 

REQUIRED SENSITIVITY: 10-19-10-20 m 

PHYSICS AT THE MILLIFERMI SCALE! 

Henze, NASA 



WHERE 
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LIGO - WA 

LIGO - LA 

Virgo - I 

GEO600 - D 
KAGRA – J 

(2018) 

LIGO – India 

(> 2020) 



WHO 

INFN Genova, Feb 17, 2014 G Losurdo - INFN Firenze 12 

APC Paris  
ARTEMIS Nice 
EGO Cascina 
INFN Firenze-Urbino 
INFN Genova 
INFN Napoli 
INFN Perugia 
INFN Pisa 
INFN Roma La Sapienza 
INFN Roma Tor Vergata 
INFN Trento-Padova 
LAL Orsay – ESPCI Paris 
LAPP Annecy 
LKB Paris 
LMA Lyon 
NIKHEF Amsterdam 
POLGRAW(Poland) 
RADBOUD Uni. Nijmegen 
RMKI Budapest 

The Virgo Collaboration 

The LIGO Scientific Collaboration 



WHEN 
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DATA TAKING WILL 

START IN 2015 

DETECTION? 



DETECTORS 
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1st GENERATION DETECTORS 

 The interferometers of the 1t generation (LIGO, Virgo, GEO600) have run 
in the 1st decade of 2000’s 

 

 

 

 

 

 

 

 The sensitivity finally achieved was enough to detect a coalescing BNS in 
~100 galaxies… 

– …but such events happen ~1/10000 yr per galaxy… 

 No detection done but a rich legacy has been left. A richness being 
invested in a new generation of detectors that promises to detect GW and 
open a new window on the universe 
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OBSERVATORIES 
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 The infrastructure of km-scale interferometers were established 

 The same ones will be used for the next generation of LIGO,  Virgo and 

GEO 

 New ones will be needed for two new detectors in Japan (KAGRA) and 

India (LIGO-India) 



NOISE AND SENSITIVITY 

 The noise has been mostly understood 

 The 1st generation design sensitivities have been approached closely (and 

somewhere exceeded upon detector upgrades) 

 Excellent duty cycle (~80%): reliable instruments!  
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NETWORK 
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SOURCE LOCALIZATION 

REQUIRES 

NETWORKING 

GW “TELESCOPES” 

CANNOT BE POINTED 

LIGO, Virgo, GEO exchanging 

data since 2007. 

MoU being renewed.  



OBSERVATIONAL RESULTS 
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O(100) PAPERS ON 

ASTROPHYSICS/COSMOLOGY/ 

ASTROPARTICLE PHYSICS 
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THE UPPER LIMIT SET ON THE PULSAR EMISSION ALLOWS TO LIMIT THE ELLIPTICITY TO O(10-8): 

WE ARE MEASURING THE STAR RADIUS ASYMMETRY WITH AN ACCURACY OF ~0.7 mm 



MULTI-MESSENGER 
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OBSERVE THE SAME EVENT WITH DIFFERENT  

INSTRUMENTS: DEEPER AND RICHER UNDERSTANDING 

OF ITS PHYSICAL NATURE 
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JOINT GW-EM OBSERVATIONS 

 Consider the GW signal in its astrophysical context 

 Give a precise (arcsecond) localization, identify host galaxy 

 Get a multi-messenger picture of the most energetic events 

 Get an insight into the physics of the progenitors (mass, spin, distance) 

and their environment (temperature, density, redshift) 

 Start the GW astronomy to answer many open questions: 

– Connection between GRB and mergers of compact objects 

–  birth and evolution of black holes 

– Equation of state of nuclear matter (neutron stars) 

– Cosmology (long term) 

– … 
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ADVANCED DETECTORS 

 Starting the GW astronomy requires increasing dramatically the number of 

observable galaxies  

 We have the technology to expand substantially the observable universe. 

A “second generation” network is being realized 

 TARGET: ~105 galaxies, ~1 ev/month 
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1st generation range Advanced detectors range 

Credit: M Evans 



ADVANCED LIGO 

 Concept: ~1999 

 Project start: April 2008 

 Funding: $205 M$ from NSF, in-kind contribution from Germany/UK  

 Installation close to completion, commissioning started  

 Third interferometer to be shipped to India  
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1-Oct-13
31-Dec-15

14-Sep-15-13-Dec-15

O1

10-Aug-15-13-Sep-15

ER8
13-Jan-14-28-Feb-14

ER5

14-Apr-14

LLO Start Full Lock Test

12-Sep-14-3-Oct-14

ER6

4-M
ar-15-25-M

ar-15

ER7

21-Jul-14

LHO Start Full Lock Test

Proposed Timeline to First Observing Run
(based on G1000061, dated Oct 2013)

13-Jul-15

Virgo Start Full Lock Test



ADVANCED VIRGO 

 Advanced Virgo (AdV): upgrade of the Virgo 

interferometric detector of gravitational 

waves 

 Participated by scientists from Italy and 

France (former founders of Virgo), The 

Netherlands, Poland and Hungary 

 Funding approved in Dec 2009  

 Construction in progress. End of installation: 

fall 2015 

 First science data in 2016 
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5 European countries 

19 labs, ~200 authors 

APC Paris  
ARTEMIS Nice 
EGO Cascina 
INFN Firenze-Urbino 
INFN Genova 
INFN Napoli 
INFN Perugia 
INFN Pisa 
INFN Roma La Sapienza 
INFN Roma Tor Vergata 
INFN Trento-Padova 
LAL Orsay – ESPCI Paris 
LAPP Annecy 
LKB Paris 
LMA Lyon 
NIKHEF Amsterdam 
POLGRAW(Poland) 
RADBOUD Uni. Nijmegen 
RMKI Budapest 



SENSITIVITIES  
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Early configuration 

Late configuration(s) 

Virgo+ 

LIGO Virgo 



TECHNOLOGIES 

 Dominated by laser shot noise 

 Improved by increasing the power: >100W 

input, ~1 MW in the cavities 

 REQUIRES: 

– New laser amplifiers (solid state, fiber) 

– Heavy, low absorption optics (substrates, 

coatings) 

– Smart systems to correct for thermal aberrations 
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HIGH FREQUENCY RANGE 



TECHNOLOGIES 

 Dominated by thermal noise of  

– Mirror coatings 

– Suspensions 

 Reduced by: 

– Improved optical configuration: larger beam 

spot  

– Test masses suspended by fused silica fibers 

(low mechanical losses) 

– Mirror coatings engineered for low losses  
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MID FREQUENCY RANGE 



TECHNOLOGIES 

 Dominated by seismic noise  

 Managed by suspending the 

mirrors from extreme vibration 

isolators 

– Virgo Superattenuator (from 1st 

generation) 

– LIGO active system 

 Technical noises of different 

nature are the real challenge in 

this range 

 Ultimate limit for ground based 

detectors: gravity gradient noise 
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LOW FREQUENCY RANGE 



ADVANCED  

VIRGO 
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DETECTOR DESIGN 

 MAIN CHANGES wrt Virgo 

– larger beam 

– heavier mirrors 

– higher quality optics 

– thermal control of aberrations  

– 200W fiber laser 

– signal recycling 

 Vibration isolation by Virgo 

superattenuators 

– performance demonstrated 

– large experience gained with 

commissioning at low frequency 
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2015 CHALLENGE 

 Start in 2015 with a simplified configuration, similar to Virgo+: likely to 

reduce commissioning time 

– No signal recycling (reduce locking complexity) 

– Virgo+ laser (up to 60W) 

– Low power (reduce risks with thermal effects and high power laser) 

 Target BNS inspiral range: >100 Mpc 
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 Configuration upgrade schedule to be 

discussed with the partners 
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FEB 2013 

LASER LAB 
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SIB1 ASSEMBLY  

IN PROGRESS 
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THE NEW METROLOGY INTERFEROMETER @ LMA: 

measure optics surfaces with 0.1 nm accuracy 



VACUUM 

Council, Dec 10, 2013 G Losurdo - AdV Project Leader 37 

CRYOLINKS CONSTRUCTION COMPLETE 
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INFN-GE RESPONSIBLE FOR  

THE  CRYOLINKS LN2  

DISTRIBUTION LINES 



VIBRATION ISOLATION 

 Advanced Virgo will use the same superattenuators as Virgo 

– but top platform to be controlled in 6 d.o.f. 

 Main advantages: 

– Performance demonstrated 

– Large experience gained with LF commissioning/operation 
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SUPERATTENUATORS  

BEING UPGRADED 



PAYLOADS 
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PAYLOADS 
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 Genova brought the expertise to studystray magnetic fields and unwanted 

couplings with the mirror (dangerous noise to be tackled in advance!) 



STRAY LIGHT MITIGATION 

 Learned form 1st generation: scattered light is one of the major risks 

towards the final sensitivity goal 

 Large investment to mitigate it 

– Better optics quality 

– Baffles to shield mirrors, pipes, vacuum chambers exposed to scattered light 

– Photodiodes suspended in vacuum to isolate them from acoustic/seismic noise 

– If required, control the position of the benches wrt the interferometer 
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INCREASING THE  BNS 

INSPIRAL RANGE  

 Mirror coating thermal noise is the dominating noise in the mid frequency 

range (dissipation dominated by the high refractive index layer)  

 Doping Ta2O5 with Ti has improved it, but losses are still O(10-4) 

 Advanced Virgo to use large spot size (~5cm) on the test masses 

– impact of size of the vacuum links/valves, BS size… 
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AdV CRUCIAL DATES 
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MANAGEMENT CHART 

 Project structure over a Collaboration 

organization 

 The project leader 

– Appoints the subsystem managers 

– Approves order >20 kE 

– Calls reviews 
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EGO CouncilSTAC

Adv PL

AdV TM

Subsystem 

manager 2

Subsystem 

manager 1

Subsystem 

manager 3

EGO director

SD/Spkprsn

Project Of f ice
IPRB

Reviews

PSB

CCB

Task A1

Task A2

Task A3

Task B1

Task B2

Task B3

Task C1

Task C2

Task C3

VSC

Spkprsn/SD

Group/Lab CGroup/Lab BGroup/Lab A

Virgo Collaboration



INFN-GE COMMITTMENTS 

 Main AdV commitments: 

– LN2 distribution lines 

– Magnetic characterization of the payloads 

– Locking studies 

– R&D on coatings 

 People 

– Diego Bersanetti (PhD – Interferometer sensing and control) 

– Davide Bondi (tecnico – Vacuum) 

– Andrea Chincarini (staff - Payloads - EM follow-up image analysis) 

– Stefania Farinon (staff - Payloads) 

– Gianluca Gemme (staff, group leader – vacuum, payloads, …) 

– Martina Neri (PhD - Payloads) 

– Luca Rei (Ass.Ric. PRIN - EM follow-up image analysis - computing(?)) 

– C Boragno, F Buatier, M Canepa, M Giovannini, L Mattera: CSN5 R&D AdCoate 
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CONCLUDING REMARKS 

 Interferometer technology demonstrated 

 LIGO/Virgo upgrades to 2nd generation funded, construction in 

progress. More detectors to come. 

 Preparing for multi-messenger observation 

 First long run in 2016: stay tuned!  
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2016: CENTENNIAL OF GENERAL RELATIVITY 

We look forward to celebrating it with a discovery  


