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Onde Gravitazionali: status e prospettive
Advanced Virgo in O2

Monolithic
Range   NS-NS - 101 Mpc
Range   BH-BH   - 985 Mpc BNS range ~ 28 Mpc → ready to join O2!

Steel (f=10-3)
Range   NS-NS  - 45 Mpc
Range   BH-BH - 202 Mpc

Vacuum system dust contamination

Steel-wire 
backup solution

monolithic susp.
failures

MONOLITHIC

Sensitivity with 
steel wires still 
compatible with 
the goal for the 
early phase
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GW170814
GW170817
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Advanced Virgo: from O2 to O3

Target: improving the sensitivity pushing the BNS horizon from 26-28 MPc to ~60 MPc (as foreseen in the 
mid-term observing scenario for AdV, Living Rev Relativ 2018 21:3) 

O2

O3 target
Thermal noise Quantum noise (shot)
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Re-integration of the monolithic suspension
of the mirrors (gravitational Test Masses)
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monolithic suspension
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Laser power 
increase (+TCS)
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- Injection of Squeezed light

AEI Squeezer
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AdV Sensitivity, 2019 Feb 5th 55Mpc, ready for O3!



- O3 started on April 1st and will last about 1 year;
- Sensitivity increased by ~ 85% wrt O2;
- Good stability (duty cycle ~ 90%);
- Observing advanced GW network: HLO+LLO+Virgo

(KAGRA may join during O3)
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Current status
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Status: https://www.gwopenscience.org/
Public alerts: https://gracedb.ligo.org/latest/
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It works!
GW170814: the first BBH detection by Virgo 

GW170817: the first BNS detection by Virgo 

190 deg2

~30 deg2

PRL 119, 141101 (2017) 

PRL 119, 161101 (2017) 
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Since then:

❑ GWTC-1: the first GW catalog paper [1811.12907]: 10 BBH + 1 BNS

❑ O3 has started and public event alerts too: 14 candidates until now!

❖ NSs and BHs are expected to emit GWs of  different ‘flavours’ : so 
far we have just looked at the tip of the iceberg 
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GW zoo
Coalescing binaries: NSNS,BHBH,NSBH

Spinning neutron stars (isolated or in a 
binary system), post-merger NSs: 
continuous signals  

Star core-collapse, NS merger, NS 
oscillations (starquakes,…): burst signals

Stochastic background (astrophysical 
and cosmological)
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GW zoo
Coalescing binaries: NSNS,BHBH,NSBH Spinning neutron stars (isolated or in a 

binary system) 

Star core-collapse, post-merger NS, NS 
oscillations (starquakes,…): burst signals

Stochastic background (astrophysical 
and cosmological)

The search of each kind of signal poses specific problems in terms of:

➢ DA algorithms to be used (matched filter → unmodeled search)

➢ Computational cost (laptop → geographically distributed resources)

➢ Impact of noise artifacts (time-domain glitches, spectral lines,…)

➢ Waveform modelling (analytic, numerical, # of parameters,…)

➢ Interpretation of the results (both detections and upper limits)
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GW zoo
Coalescing binaries: NSNS,BHBH,NSBH Spinning neutron stars (isolated or in a 

binary system) 

Star core-collapse, post-merger NS, NS 
oscillations (starquakes,…): burst signals

Stochastic background (astrophysical 
and cosmological)

The search of each kind of signal poses specific problems in terms of:

➢ DA algorithms to be used (matched filter → unmodeled search)

➢ Computational cost (laptop → geographically distributed resources)

➢ Impact of noise artifacts (time-domain glitches, spectral lines,…)

➢ Waveform modelling (analytic, numerical, # of parameters,…)

➢ Interpretation of the results (both detections and upper limits)
More details in Francesco’s talk
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Is what we do relevant for INFN?
(Synergies/complementarity with other groups)
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Example 1

Nuclear physics               
(NS structure, high 

density matter EOS)

Marginalized posterior of NS pressure vs density (GW170817)

PRL. 121, 161101 (2018)* Compact binaries  
* Continuous waves

* NSs merger

NS moment of inertia from continuous wave emission:
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Example 2

Tests of General Relativity               
(deviation from GR affects signal 

phase)

GW polarizations

Constraints on modified 
GW dispersion relation

Graviton mass:                   
mg=A0

1/2/c2<5.5E-23 eV
1903.04467

* Compact binaries
* BH QN modes  

* Continuous waves

Log B ≈ 20 in favour of tensor
polarizations w.r.t to vector or
scalar [1811.00364]
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Example 3

Cosmological 
parameters                  

(H0, dark energy,… )

Marginalized posterior density for the Hubble constant (GW179817) 

Nature 551, 85 (2017)  

Constraints on dark energy parameters 
with standard sirens (3G detectors)

*Compact binaries
*Multi-messenger

PRD98, 023510 (2018) 

Luminosity distance:
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Example 4

Dark matter                
(ultra-light bosons, 

primordial black holes )

GW emission from the ‘boson cloud’ forming 
around a spinning BH → boson annihilation in 
the language of particle physics

Distance of detectable sources in O2 LIGO data

MBH=5Msun

MBH=15Msun

MBH=40Msun

MBH=70Msun
MBH=100Msun

PRD98, 103017 (2018)  

*Compact binaries
*Continuous waves

Superradiance review: 1501.06570

more in Francesco’s talk
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What’s next?

L. Naticchioni & C. Palomba, Retreat Fisica Particelle Elementari - INFN Roma, Assisi 16-18 giugno 2019



Long-term timeline

• What can we do after AdV to exploiting at the best the infrastructure 
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• AdV+: a two-step approach, 120 Mpc/230 Mpc, 6-year

Onde Gravitazionali: status e prospettive



Complete the AdV program:
40W laser (18W in O3)
Signal recycling

Frequency Dependent Squeezing
300 m-long filter cavity

Newtonian Noise Cancellation

Beyond O3…
AdV+, phase I (between O3 and O4):
Reaching AdV full target (~120Mpc)
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AdV+ Vision document
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Larger mirrors
Diameter: 550 mm, thickness: 200 mm, mass: 100-120 kg 
Scenario 1: ETM-only→ 200 Mpc range
Scenario 2: Full → 230 Mpc range

In parallel coating improvements: 
If factor 3 reduction in Coating TN:
Scenario 1: ETM-only
Scenario 2: full upgrade

Several challenges, feasibility under study: 
• Handling large masses (100kg-150kg for BS)
• Handling and integrating the payloads into

present/modified VACUUM system  
• Folded VS marginally stable Recycling FP
• Design of very large baffles …  

Beyond O3…
AdV+, phase II (between O4 and O5) :
Thermal noise reduction, large beams, high power laser

L. Naticchioni & C. Palomba, Retreat Fisica Particelle Elementari - INFN Roma, Assisi 16-18 giugno 2019
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AdV+
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AdV+ phase 1

AdV+ phase 2

Onde Gravitazionali: status e prospettive
Beyond O3…



Towards the third generation detectors: ET

- Italian site proposed for ET: Sos Enattos (Sardinia)
- Currently one of the two candidates in Europe (favorable 

geology, seismic noise, population density)
- Site studied since 2010 by INFN ROMA1 Virgo group
- Official endorsement by Italian Government (MIUR, INFN, Reg. 

Sardegna, UNISASS)
- Financial support for ET R&D, SARGRAV laboratory
- ET site selection in 2021-2022

L. Naticchioni & C. Palomba, Retreat Fisica Particelle Elementari - INFN Roma, Assisi 16-18 giugno 2019
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“Deeper, wider, sharper”

❑ Big challenges in terms of DA and computing: longer signals, subtle 
physics effects, huge number of events, ‘noise’ foreground,…

❑ But the reward will be impressive  
ET detectability distance of coalescing binaries

Cosmological stochastic background predictions
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What do we do, in practice?
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What do we do (Experimental)?
❑ Development and realization of ITF payloads

▪ New payloads for AdV+ (105kg test mass)
▪ Local control system
▪ Thermal noise study for current and future payloads

❑ Squeezed light injection and detection 

❑ AdV commissioning

❑ FEA and parametric instabilities in AdV and AdV+

❑ R&D on cryogenic sensors / accelerometers and materials for test mass 
suspension (ET)

❑ Site characterization for 3G detectors (ET)

❑ R&D on payloads for 3G (ET)
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What do we do (DA)?
❑ Development and application of DA methods for the search of GWs 

from neutron stars and BHs (and interpretation of the results). 
▪ Signal processing (extraction of weak signals from noise) 
▪ Image processing 
▪ Machine learning
▪ HTC (Grid, GPU, code optimization)

❑Waveform modelling
❑ Neutron stars and BH phenomenology
❑ Noise studies/detector characterization
❑ Involvement in the 3G detectors science case  
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What do we need/wish?
❑ We are in the middle of a true scientific revolution (for real!);
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❑ We wish for a phase transition in our Sezione: going from being a niche 

activity to mainstream. We welcome everyone interested to join.
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NB: today just 15min on a research topic that is producing observations and landmark results…
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What do we need/wish?
❑ We are in the middle of a true scientific revolution (for real!);
❑ We wish for a phase transition in our Sezione: going from being a niche 

activity to mainstream. We welcome everyone interested to join.
✓ Heavy engagement in both experimental and DA side for the next 10-15 

years (and then 3G era);
❑ Already happening in other countries, even in other Sezioni/Dipartimenti;

❑ positions (PhD, PostDoc…) and career perspectives;
❑ We need clear and convinced support from our Director;
❑ Effective support from mechanical workshop.

NB: today just 15min on a research topic that is producing observations and landmark results…
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Testing BH no-hair conjecture with BH quasi-normal 
modes
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Double Binary Pulsar

Lunar Laser Ranging

LISA

Perihelion Precession of Mercury

LAGEOS

Pulsar Timing Arrays

Cassini

2G/3G

(Orbital Decay)

EHT

Double Binary Pulsar
(Shapiro Delay)

GRAVITY

Curvature vs gravitational potential
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▪ There  is  no  known  mechanism  for  the  formation  of compact  objects  with  masses  well  
below  a  solar  mass within  the  standard  model  of  particle  physics  and  the standard 
ΛCDM model of cosmology. 

▪ A detection of a sub-solar mass object in a merger would therefore be a clear signal of new 
physics. Indeed, there are several proposals that link sub-solar mass compact objects to 
proposals for the nature of dark matter. One possibility is that black holes with masses 
accessible to ground based interferometers could have formed deep in the radiation era from 
the prompt collapse of large primordial over-densities on the scale of the early time Hubble 
volume.

▪ An alternative inflationary mechanism proposes that vacuum bubbles nucleated during
inflation may result in black holes (with masses that can be around a solar mass) after inflation 
ends.

▪ dark matter may have a sufficiently complex particle spectrum to support cooling 
mechanisms that allow dense regions to collapse into black holes at late times.
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1904.08976
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1903.04467
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1903.01901
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1902.08507
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1801.07204
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2G gravitational wave detectors world network

Virgo – 3km

GEO600 – 600m

LIGO India 
4km
(2025)

LIGO Livingston 
4km

LIGO Hanford 
4km

KAGRA
3km
(2.5G)



AdV optical layout
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Thermal noise

Seismic & 
Newtonian noise

Quantum noise
(RP & Shot)
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Einstein Telescope

2nd generation 2.5 generation 3rd generation

2015 2030
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