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perturbation 

The Einstein equation takes the form 

of a standard WAVE EQUATION 

Almost flat space-time 
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Transverse-Traceless Gauge 

No matter 

Gravitational waves  
In weak field approximation, the effects of the gravity can be 
see as a perturbation:  
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Gravitational waves  
Solving the wave equation, the perturbation can 
be described by a wave with two polarization 
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ĥ























0000

0010

0100

0000

ĥ
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Variation of distance proportional to L and h 



GW Detection principles 

Variation of the distance (optical path) between 
free-falling masses → suspended mirrors  

l1064nm  

Fabry-Perot cavity 

Photodiode 

The control systems keep the 
cavity at resonance and the 
interferometer at dark fringe   

Recycling 
mirror 



Gravitational waves - numbers  
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This is the big challenge 



GW Detectors 
1st  generation interferometric detectors  

• Initial LIGO, Virgo, GEO600  
 Virgo commissioning started in 2003  

  1st science run in 2007  
 

• Enhanced LIGO, Virgo+ (2008 - 2011)  
 
 

2nd  generation interferometric detectors  
• Advanced LIGO, Advanced Virgo,  
      GEO-HF, KAGRA, LIGO-India  

• Construction: 2011-2015  
• Commissioning of full interferometer 

starts in 2015  
• First observation run in 2015 with 

intermediate configuration → 2016-
2021: commissioning and 
observations runs → progressing 
towards nominal sensitivity  

Beginning of routine observations + Worldwide Network  
• GW astronomy  
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Advanced Virgo project 

• High quality optics 
- Heavier mirrors (x2 -> 42kg) 
- High quality surface (0,2 nm rms) 
- Optimized coating with lower absorption  
- HP laser 
- Larger Finesse (x3 -> F~450) 
- Thermal compensation 
- Monolithic suspension: new clamping system and new design 

• Mechanics 
- New payload adapted for the heavier mirrors, baffles and TCS 
- Changing in the control strategies: new sensor and new actuators 
- Optimized SA for heavier payload 

Improvements 
• Sensing devices suspended and under 

vacuum 
- 2 stages SA  

• Signal recycling: to tune the ITF 
• Larger beam 

- Modification of UHV system 
- Baffles 

 
 



Sensitivity curve expected for AdVirgo 

AdVirgo main fundamental 
noises:  
• Quantum noise 

- Shot noise: f > 300 Hz 
- Radiation pressure 

noise: f = 20 - 40 Hz  
• Thermal noise (mostly mirrors 

coating): f = 40 - 300 Hz  
• Seismic noise and gravity 

gradients: f < 20 Hz  

Quantum noise 

• Radiation pressure: Low freq. range ~ 𝑃𝑙𝑎𝑠𝑒𝑟 

• Shot noise: High freq. range ~ 
1

𝑃𝑙𝑎𝑠𝑒𝑟
 



Limited by quantum noise, suspension 
thermal noise, newtonian noise 

1 - Low frequency range  
Improvements: 
• Suspension thermal noise could be 

reduced by further suspension 
optimization (upper and lower susp.) 

• Quantum noise could be reduced by 
frequency dependent squeezing (see 
Luca Natticchioni presentation) 

• Newtonian noise could be computed 
and subtracted by realizing a network of 
many seismometer all around the test 
masses (under study) 



Seismic isolator - Suspension chain 
Passive attenuation : the ground seismic vibrations have to be 
attenuated in order to reduce the residual mirror motion along the 
beam well below the interferometer sensitivity in the detection band 
 

Active mode damping : the large mirror motion in the low 
frequency range below a few Hz, where the seismic noise is amplified 
by the filter chain resonances, has to be damped to allow low noise 
hierarchical control of the payload 

Mirror Payload 
Last stage of suspension chain 

Super-attenuator 
- Inverted 

pendulum 
- Horizontal and 

vertical 
pendulums 
(standard 
filters) 

Pendulum 
Natural mechanical filter for 
the signals with a frequency 
higher than its resonance mode 



SA - Passive attenuation 
• 1 Inverted Pendulum  

- Monolithic legs 
- Flexible joints 
- Resonance mode f0 ~40mHz 

 

• 5 horizontal stages 
- Standard steel filters (~ 110kg)  
- Resonance mode f0 ~2Hz 
- Reduction factor f0

2*(n-stages) 

 

• 5 vertical stages 
- Pre-stressed curved blades 
- Magnetic anti-springs on the 

central cross-bar 
- Resonance mode f0 ~0.4Hz 
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• 18 LVDTs of 3 different types 
– 9 Vertical LVDTs (F0 –F7 Crossbar, Bottom Ring) 
– 3 F0 Horizontal LVDT 
– 6 F7 LVDTs 

 
• 5 Accelerometers of 2 different types : 

– 3 Horizontal Accs 
– 2 Vertical Accs 

 
• 23 Coils of 4 different types 

– 5 F0 Coils  
– 6 F7 Coils 
– 8 Marionette coils 
– 4 Mirror coils 

 
• 3 Piezos on bottom ring (New in AdV) 

 
• 21 Motors  

– 1 Top screw F0 vertical motor 
– 3 F0 trolley motors 
– 6 Fishing rod motors 
– 2 Marionette motors 
– 4 F7 motors 
– 5 Accelerometer motors 

SA – Mode damping 



Mirror payload 
Why monolithic suspension? → Fluctuation-
Dissipation theorem 
• QFS ~ 107-108 

• QSteel ~ 103-104 

Breaking strength 
• FS ~ 4GPa 
• Steel ~ 2GPa 

Marionetta (puppet) 



Monolithic Suspension 
Fiber Shape 
Dumb-bell shaped fiber (aLIGO) 
- fiber diameter 0.4mm 
- bouncing mode < 10Hz  
- violins modes > 400Hz  
- working load ~780MPa (reasonably safe, 

about the same of Virgo+) 



Laser pulling of 1.5 mm thick silica bars: 
Welding 
Annealing 
Controlled pulling 

200 W CO2 laser 

Fibers production 



MS – Gluing procedure 
Silicate bonding technique 

- very clean (piranha solution) and flat surface (l/10)  
- solution of pure water and KOH 



Upper clamp: the upper clamp 
system is formed by a steel plate with 
a l/10 quality surface. The silica-steel 
parts are glued by the silicate 
bonding technique. For this kind of 
gluing, we measured a minimum 
breaking strength of 5MPa. 

Lower Clamp: the anchors  are 
glued to the ear by the silicate 
bonding technique.  



Crash test 

CIMG3648.MOV


Status 
• Super-attenautors: 

- old blades replaced 
- all the tower are tuned 
- old electronics replaced and in commissioning phase 
- new sensors on the bottom ring under test 
- tilt-meter under development 

 
• Mirrors monolithic suspension: 

- 4 payload mounted in 2015 
- NE payload fully operated 
- NI, WI, WE payloads failed after few months: reasons under study →        

→ 3 monolithic suspensions were replaced with more traditional steel 
suspensions in order to proceed with the commissioning operations 
 

Expected range with steel suspensions: 
BNS Inspiral Range(4 steel) 3.00e-04 mm, phi= 1.00e-04: ,      60.31 Mpc 
BNS Inspiral Range(4 steel) 3.00e-04 mm, phi= 1.00e-03: ,      51.37 Mpc 
 

BBH Inspiral Range(4 steel) 3.00e-04 mm, phi= 1.00e-04: ,     313.22 Mpc 
BBH Inspiral Range(4 steel) 3.00e-04 mm, phi= 1.00e-03: ,      199.15 Mpc 



2- Medium frequency range 
Limited by coating thermal noise 

Improvements: 
• Mirror coatings engineered for low 

losses  
• Optical configuration: larger beam spot  

Frequency region affected by 
environmental noise coupling → 
improved with:  
• Photodiodes on suspended benches 

under vacuum  
• Baffles to shield mirrors, pipes, vacuum 

chambers exposed to scattered light  



Mirror Thermal Noise 

Heavier substrates 
• New substrates:  

- Diameter = 35cm 
- Weight = 42kg (x2 Virgo+) 

• Suprasil 3001 / 312 
• High quality surface 

– Surface roughness: rms<0.1 nm; 
– Flatness peak-to-valley<l/20; 

– Scratch/dig better than 20/10; 

Optimized coating → a new paradigm: 
doped coating, not a quarter wave 
coating 

Reduce the coating losses find new “recipe” to reduce mechanical losses while preserving 
optical quality R&D in progress in several labs, would benefit of a coordinated approach 

 
Mirror box 
• Handling and traveling box 
• Centering system: gluing 

and mounting procedure 
• Protection 

Alternating layers of Silica 
and titania doped tantala 



Use larger beams needs of larger mirrors → AdVirgo has suspended the largest 
mirror ever in GW field (beam splitter, 55 cm diameter) need improvement of: 
• uniformity of coating deposition over a large area 
• proper management of aberrations  

- optics quality  
- thermal compensation system (TCS) 
- degeneracy of the sidebands very sensitive to thermal effects, substrate 

defects  
• re-design of input & output benches and telescopes 
to fit the waist position and to separate the  
main beam from the auxiliary beams  
• new vacuum links  

Larger beam 

𝑆𝑇𝑁𝑐𝑜𝑎𝑡 𝑓 =
4𝑘𝐵𝑇

𝜋2𝑓𝑌

𝑑

𝑅2
𝑌′

𝑌
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𝑌
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Beam radius on mirror 



Status 

• Mirror Thermal Noise 
- all the mirrors were produced and installed 
- substrates, surface and coatings quality in the specifications or even better 

 
• Larger beam 

- Beam Splitter installed 
- telescope, injection system and detection system installed: in commissioning 

phase for the fine tuning  
- optimization of the waist position (different coating TN on the input and end 

mirrors): done 
 

• Suspended benches 
- mini-tower ready 
- optics installed and in commissioning phase: fine tuning needs a better beam 

from the cavities 
 

• Baffles 
- Produced and installed 



3 - High frequency range 

Limited by quantum noise 

• Higher laser power: 125 W injected  
• Higher finesse of the arm cavities → 700 

kW in the arm cavities (x3 Virgo+) 
• Optical configuration: signal recycling  

- sidebands high order modes are nearly 
resonant  

- Degeneracy of the sidebands very 
sensitive to thermal effects, substrate 
defects  

• DC detection 

• In principle could be improved by further increasing the laser power → this is very 
challenging for the parametric instabilities and for the management of thermal aberrations 

Larger power requires:  
• New laser amplifiers  
• Heavier, low absorption optics 

(substrates, coatings)  
• Smart systems to correct for thermal 

aberrations (TCS) 

• Standard squeezing reduces the HF noise 
while enhancing the LF noise 

• Frequency dependent squeezing improves 
the noise in the whole band: requires a 
filter cavity 



Sources 
• imperfections in the production of the material 

used for the mirrors (cold defects); 
• absorption of optical power in the coatings and 

substrates of the optics (dynamic effects). 

Thermal compensation system 

Thermal effects 
• Thermal lensing • Thermoelastic effect 

Consequences 
• Scatter light to Higher Order Modes (HOM): 
• Error signals power to control the cavities decreases; 
• Fabry-Pérot Cavity power decreases ->loss of sensitivity; 
• Worsen interference at Beam Splitter -> junk light at the 

dark port. 



Thermal compensation system 
Sensors 
• Hartmann Sensor: change of a ‘live’ wave front 

relative to a reference wave front through an 
incoherent probe beam [fiber coupled  super-
luminescent diode (SLED)] 
 

• Phase Camera 
 

Actuators 
• Ring Heater (RH): corrects errors in the radius 

of curvature of mirrors due to the absorption of 
the laser power and manufacturing accuracy 
(Silica rings with NiCr wires as  conductors , 
copper shield to increase the efficiency) 
 

• Double axicon system (DAS): two CO2 annular 
beams incident on auxiliary optic called 
compensation plate (CP) to correct the axial-
symmetric terms of thermal lensing 
 

• Scanning system: a modulated CO2 beam 
scanning the CP surface to correct the non-
symmetric  terms of thermal lensing (point 
defects) 



• No signal recycling: reduce locking 
complexity 

• Use Virgo+ laser up to 60W 
• Low power: reduce risks with 

thermal effects and high power laser 
 
Target BNS inspiral range: >100 Mpc  
 
Configuration upgrade schedule to be 
discussed with the partners  

Intermediate configuration 
- Signal recycling cavity-  



Status 

• Thermal Compensation System 
- Compensation Plates and ring heater: installed and in commissioning phase 
- CO2 laser benches: installed and pre-commissioning phase 
- Hartmann sensors: 1 sensor installed on the injection system and 5 ready to 

be installed 
- Phase camera: to be installed 

 
• Laser 

- 60W laser: ready 
- 125W laser: under development 
 

• Signal recycling 
- SR Mirror: installed and in commissioning phase also if we are not using it now 



Power budget: 
 
~200W Input laser 
~125W injected power to ITF 
 
~25W back-reflection from PRM 
~7W PRC losses 
~ 2 x 30W ETM scattering 
~ 2 x 15W ITM scattering 
~3W ETM transmission 
< 1W outing the dark port 
 
~ 700 KW circulating power in the arm cavity 
~ 5KW impinging power on BS semi-reflecting side 

~30W 

~15W 

~15W 

~200W 

< 1W outing 
the dark port 

~25W 

~700KW 

~700KW 

~5KW 

~125W 

~3W ETM transmission 

~3W ETM 
transmission 

~30W 

Final optical scheme 



MOU signed between LIGO Scientific 

Collaboration and Virgo: 

– Full exchange of data, joint analysis 

– Coordinated science runs, commissioning and 
shutdowns 

– Joint publications 

Sky location improvement 

– 2 IFO →~400 sq deg 

– 3 IFO →~100 sp deg 

– 4 IFO →~  10 sq deg 

 

The network since 2007  
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The network since 2007  

4 detectors to operate as a SINGLE MACHINE 
Great scientific value added 



Next future - Observing scenario 
Main goal: join aLIGO for early science runs → Advanced Virgo was funded ~2 years after aLIGO  
Start in 2015 with a intermediate configuration, similar to Virgo+ to reduce commissioning time  



The first observing run of  
LIGO in the advanced 
configuration took place 
from September 12, 2015 
to January 19, 2016  

Total coincident time:  
51.5 days 
 
The data quality checks  
reduce the hunting 
time to:  48.6 days  

AdLigo first run 



The search for black 
hole signals is 
performed over a range 
of frequencies from 30  
Hz to several kHz.  
 
These are the typical 
frequencies of the 
gravitational waves 
emitted during the late 
inspiral, merger  and 
ringdown of stellar 
mass black hole 
binaries.  
 

Black holes search 



THE SEARCH METHOD:  MATCHED FILTER   

The matched filter, is 
obtained by correlating 
the hypothetical signal  
with the interferometer 
output signal to infer the 
presence of the 
gravitational wave signal  
hidden in the data. 

Matched filter method  





GW150914  Signal/Noise =24 
 

GW151226  Signal/Noise = 13  
 

+ 
 

LVT151012 Signal/Noise =9.7 
 

While we are not so confident to tag this as a detection, it 
is more likely to be a gravitational wave signal than not 

GW events 

The search identified two events regarding two black holes mergers 
and one candidate event: 



Significance of the three 
signals 
Detection statistics 





First GW event - GW150914 



First GW event - GW150914 



Second GW event - GW151226 



Second GW event - GW151226 



Comparison of the three signals  
in the time domain  

Final mass 62 times that of the sun  

Final mass 35 times that of the sun  

Final mass 21 times that of the sun  



General Relativity tests in  
the strong interaction regime 

Post-newtonian approximation 



The first sound of GW 

First Sound of Gravitational Waves detected by LIGO Sept 14 2015.mp4


Each time that we look at 
the universe with new 
eyes we see new objects 
and we learn a new lesson 



 GW Network 
Sky Locations of O1 Events without and with Virgo 

Without Virgo 

With Virgo 

Sky location improvement 
2 IFO →~400 sq deg 
3 IFO →~100 sp deg 
4 IFO →~   10 sq deg 



Simulation of Localization of a Gravitational Wave Event  
by the US LIGO and European Virgo Detectors  

x: signal not confidently detected  



51 

Simulation of Localization of a Gravitational Wave Event  
by the US LIGO, European Virgo, and LIGO-India Detectors  



• aLIGO started observations in fall 2015. Advanced Virgo will join in 2016 
 

• a large number of astroparticle/astronomy projects is signing MoU for the electro-
magnetic follow up of GW candidate events 

Extending the Network 



Extending the Network 



X-rays/Gamma-rays 
Gravitational Waves 

Binary Neutron Star Merger 

Visible/Infrared Light 

Radio Waves 

Neutrinos 

Multi-Messenger Astronomy:  
Gravitational Wave + Electromagnetic +Neutrinos 



Conclusion 
AdVirgo Status 
• AdVirgo construction: 2011-2016 
• Commissioning of full interferometer starts in 2016  
• First observation run in 2016 with an intermediate configuration in order to reach AdLigo 

for O2 (begin of 2017) 
- No signal recycling (reduce locking complexity)  
- Use Virgo+ laser up to 60W (low power (reduce risks with thermal effects and high power laser) 
- Mirrors steel suspensions: to be improved with the monolithic suspension as soon as possible 

• 2016-2021: commissioning and observations runs → progressing towards nominal 
sensitivity 

 
GW events 
• During the first observing run, we have observed gravitational waves from the 

coalescence of two stellar-mass BBHs: 
– GW150914  
– GW151226  
and the third candidate  
– LVT151012 also likely to be a BBH system 

 
Next future: networks 
• We are confident that in the next future science runs will observe many more events, 

hopefully with EM-neutrinos conterpart: multi-messanger astronomy  
 


