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LIGO and Virgo
Observe together as a Network of GW detectors. LVC have integrated their data analysis

LIGO and Virgo have coordinated data taking and analysis, and release joint publications

LIGO and Virgo work under an MOU already for more than a decade

KAGRA in Japan is expected to join in 2019



Virgo is a European collaboration with about 400 members from about 80 institutes

Advanced Virgo (AdV) and AdV+: upgrades of the Virgo interferometric detector

Participation by scientists from France, Italy, Belgium, The Netherlands, Poland, Hungary, Spain, Germany

Å Institutes in Virgo Steering Committee

Virgo Collaboration has invested in Advanced Virgo

Advanced Virgo project has been  

formally completed on July 31, 2017

Part of the international network of 2nd 

generation detectors

Joined the O2 run on August 1, 2017

LIGO and Virgo running of O3

8 European countries
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Paris
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ī LKB Paris

ī LMA Lyon

ī Maastricht University

ī Nikhef Amsterdam

ī POLGRAW(Poland)

ī RADBOUD Uni. 

Nijmegen

ī RMKI Budapest

ī UCLouvain, ULiege

ī Univ. of Barcelona

ī University of Sannio

ī Univ. of Valencia

ī University of Jena



New groups strengthen Virgo in areas as Computing and Stray Light Mitigation 

IFAE and University of Barcelona joined Virgo last year

UBarcelona IFAE Barcelona

2018: IFAE, UBarcelona, ULiege and UCLouvain joined the Virgo Collaboration

2019: USannio/UniSA, Jena University, Maastricht University

Groups from UTorino, USardinia, joined Virgo indirectly

ULBrussels, UAntwerp, UGhent, UUtrecht, KULeuven, KIT, é in discussion 
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Observing Run

Virgo 
turns on

LIGO and Virgo completed observation runs O1 and O2
Gravitational waves were discovered with the LIGO detectors on September 14, 2015. In total 3 

events were detected in O1. The Advanced Virgo detector joined at the end of O2

We knew about only 2 events in O2 at the time Virgo turned on



Scientific achievements: properties of binary systems
ñGWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO 

and Virgo during the First and Second Observing Runsò, LIGO Virgo Collaboration, arXiv:1811.12907

https://arxiv.org/abs/1811.12907


Table of O1 and O2 triggers with source properties
See arXiv:1811.12907

https://arxiv.org/abs/1811.12907


Table of O1 and O2 triggers with source properties
See arXiv:1811.12907 

Virgo data contributed to Parameter Estimation of 5 events  

https://arxiv.org/abs/1811.12907


Some remarks



Properties of black holes and neutron stars from transients
Extract information on masses, spins, energy radiated, position, distance, inclination, 

polarization. Population distribution may shed light on formation mechanisms

ñGWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO 

and Virgo during the First and Second Observing Runsò, The LIGO Virgo Collaboration, 

arXiv:1811.12907

https://arxiv.org/abs/1811.12907


Sources can be transient or of continuous nature, and can be modeled or unmodeled

LIGO-Virgo analyses for sources of gravitational waves 

Asymmetric core collapse supernovae
(and other poorly modeled events)

Rapidly rotating neutron stars
(with lumps on them)

A stochastic, unresolvable background
(from the Big Bang, or all of the above)

Burst                                                                                 Stochastic 

Coalescence of Compact Sources                                Continuous Waves

Colliding binary systems
(e.g. black holes, neutron stars)



Estimated masses (90% probability intervals) for the two black holes in the binary (ά is the 

mass of the heavier black hole). Different curves show different models. Mass and spin of the final 

black hole

Source parameters for the first event: GW150914

Energy radiated: 3.0 ± 0.5 solar masses. Peak power at merger: 200 solar masses per second

See ñProperties of the Binary Black Hole Merger GW150914òhttp://arxiv.org/abs/1602.03840

http://arxiv.org/abs/1602.03840


Estimated luminosity distance and binary inclination angle. An inclination of — ωπЈmeans we are 

looking at the binary (approximately) edge-on. Again 90% credible level contours

Luminosity distance to the source
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Polarization can be used to break the 

degeneracy between distance and 

inclination

To measure the polarization components, 

we need a third detector, i.e. Virgo, oriented 

at about 45 degrees with respect to LIGO



Polarization is a fundamental property of spacetime. It determined how spacetime can be deformed. 

General metric theories allow six polarizations. General Relativity allows two (tensor) polarizations

GR only allows (T) polarizations

General metric theories also know

vector (V) and scalar (S) polarizations

Fundamental physics: polarization of gravitational waves



According to Einsteinôs General Relativity there exist only two polarizations. General metric theories 

of gravity allow six polarizations. GW170814 confirms Einsteinôs prediction

Angular dependence (antenna-pattern) differs for T, V, S

LIGO and Virgo have different antenna-patterns

This allows for fundamental test of the polarizations of spacetime

GW170814: first test of polarizations of GW

Our analysis favors tensor polarizations in support of General          

Relativity

Our data favor tensor structure over vector by about a (Bayes) factor 200

And tensor over scalar by about a factor 1000

This is a first test, and for BBH we do not know the source position very well



GW150914 suggests that the individual spins were either small, or they were pointed opposite from 

one another, cancelling each other's effect. Spin maybe the key to understanding formation channels

Precession is an important clue into how the black holes formed. If there is not any precession it is 

more likely that the black holes formed together. If there is a lot of precession it is more likely that the 

black holes formed separately and before coming together

Combinations of component spins for GW150914

See ñProperties of the Binary Black Hole Merger GW150914òhttp://arxiv.org/abs/1602.03840

Effective precession spin parameter

aligned-spin (non-precessing) system

Effective spin parameter

Precession in BBH

http://arxiv.org/abs/1602.03840


Effect of orientation of binaryôs orbital plane
Polarization of gravitational waves depends on the orientation of the orbital plan of the 

binary system. Face-on we observe a mixture, while edge-on we observe pure h+

Spinning, but non-precessing binary



Effect of orientation of binaryôs orbital plane
Spin precession leads to amplitude and frequency modulation

Having good low frequency sensitivity will enable observing precession effects

Spin-precessing binary

In-band time T is related 

to the low-frequency cut 

off frequency Ὕ
Ⱦ



Intermediate mass black hole binaries
Having good low frequency sensitivity will enable assessing the population of IMBHB.

LVC has put an limit on the probability of the IMBHB distribution



Bayesian analysis increases accuracy on parameters by combining information from multiple events

Precision tests of GR with BBH mergers 

Inspiral and PN expansion

Inspiral PN and logarithmic terms:

Sensitive to GW back-reaction, 

spin-orbit, spin-spin couplings, é

Towards high precision tests of gravity

Combining information from multiple events and having high-SNR events will allow unprecedented 

tests of GR and other theories of gravity

Our collaborations set ambitious goals for the future

We need to improve: 

- sensitivity of our instruments over the entire frequency range

- optimize our computing and analysis

- improve our source modeling (NR)

Orbital phase (post Newtonian 

expansion): Ὤ Ὢ Ὤ Ὡ
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Merger terms: numerical GR

Ringdown terms: quasi-normal modes; do we see Kerr black holes?



From the inspiral we can predict that the ringdown frequency of about 250 Hz and 4 ms decay time.                  

This is what we measure (http://arxiv.org/abs/1602.03841). We will pursue this further and perform 

test of no-hair theorem. This demands good sensitivity at high frequency

Is a black hole created in the final state?

Ὤὸ ὸ ὃὩ ȾÃÏÓς“Ὢὸ ὸ ‰

http://arxiv.org/abs/1602.03841


Gravitational waves from coalescence of two compact objects is the Rosetta Stone of the strong-field 

regime. It may hold the key and provide an in-depth probe of the nature of spacetime

Exotic compact objects

Quantum modifications of GR black holes

ÅMotivated by Hawkingôs information paradox

ÅFirewalls, fuzzballs, EP = EPR, é

Fermionic dark matter

ÅDark matter stars

Boson stars

ÅMacroscopic objects made up of scalar fields

Gravastars

ÅObjects with de Sitter core where spacetime is                 

self-repulsive

ÅHeld together by a shell of matter

ÅRelatively low entropy object

GW observables

ÅInspiral signal: modifications due to tidal deformation effects

ÅRingdown process: use QNM to check no-hair theorem

ÅEchoes: even for Planck-scale corrections ɝὸ ὲὓÌÏÇ

ÅStudies require good sensitivity at high frequency

arXiv:1608.08637

 In v est m en t  Gra n t  N W O La rg e 1  General inform at ion 

2  Re q u est ed  f aci l i t y  

3  Declarat ion/ signature 

2017 - 2018  
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we ak. Howe ver, sim ilar  events obs er ved at  des ign sens it ivi ty,  factors 2-4 bet ter  (s ee Figures 1 2 and 18) th an 

hi t he rto achieved , should m ake such me asureme nts 

pos sible [ 8].  

In  v iew of Hawkingôs in fo rm at ion p aradox, t heorists 

have pr opos ed qua nt um  m odi ficat ions  of  bl ack hol es 

( fo r e xam ple fir ewalls  [9 ] and fu zzballs  [1 0]) t hat  have 

ef fects at  t he m acroscop ic level .  Apar t  from  th ese 

qua nt um  m odi ficat ions  of  black hol es, also black hol e 

mi mi ckers have been theor ised,  obj ects t ha t  are near ly 

as com pact  as black holes, but  quite differ en t  in nat ure.  

Exam ples include Dark-Mat ter  star s [ 11 ] , c om posed o f 

fe rm ionic D ark-Mat ter  par t icles that  congregat e into 

st ar- lik e o bjects h eld  u p b y d egeneracy p ressure ;  

gr avas tar s [ 12 ],  whose inter ior  spacet im e is self-

re pulsive, sim ilar  to Dark Energy ;  and bos on stars [ 13 ],  

ma croscopic objects ma de of scalar  f ields, as mo t ivated 

by  the  discov ery of  the  Higgs , cosm ic inf lat ion,  th e 

axi on as a solut ion to the st rong CP pr obl em , m odul i in 

st r ing theor y,  and cer tain for m s of  Dark Mat ter .  Thi s m ay 

lead t o g ravit at ional-wa ve echoes [1 4]: bursts of radiat ion 

at  regular  t im e inter val s t hat  em er ge even  af ter  the 

ri ngdown signal has died out as illustra te d in Figur e 4. A s 

such, gra vita ti onal waves offer a re al possibility  to  pro vide 

em pir ical  input  on  what  hither to wer e purely theor et ical  

ideas. 

 

Alterna t ive theor ies of gr avit y  often pr edict  ext ra po lar isat ion states on top of  the two in Gener al Relat ivi ty shown in  

Figure 2. W it h t he t wo LI GO detect ors alone, it  w ould  b e im possible to find out  whet her  ext ra pol ar isat ions  states 

ar e presen t  in the signal ,  because at  leas t  t hree det ectors ar e required  to  dete rm ine th e cru cial sky localisati on of 

th e source [3 ] .  Wi th Virgo having j oined th e netw ork  as a th ird  dete cto r,  th is fundam enta l te st can be pur sued [ XX] . 

 

Bo x  2:  Gr av i t a t iona l  w av es:  te st in g  Ge n er a l  Re la t i v i t y  

The  di rect  detect ion of  gr avitat iona l waves has allow ed us to study  the  genui ne ly st rong - fie ld  d ynam ics of General  

Relat iv ity  [ 1, 4 -6].  The gravitat ional waveform s from binary black-hol e m ergers can be cha racter ised 

ma thema t ically by a set  of coefficients, for  examp le t he so-called post -Newtonian coefficients, which govern the 

in spir al p rocess. U sin g t he GW150914 event , fo r  t he fir st  t im e, m eanin gfu l b ounds w ere p laced o n p ossib le  

devia t ions fr om  t he p redict ions o f G eneral Relat iv it y , as shown in Figure 5. A ddit ionally , t he p ropagat ion o f 

gr avitat iona l waves ov er large  di stances coul d be studi ed,  in pa rt icul ar  the ir  di spersion;  thi s way the  m ass of  t he  

hy pot he t ical gr aviton part icle was const rained to be less than 7.7³10
- 23

 eV/ c
2
 [5 ].  Both ana lyses were pioneered by  

Nikhef collaborators. 

 

  

Fi g u r e 4 .  Black  holes no  longer em it  gr av ita ti onal  radiati on once t he 

ri ngdown has died out  ( top) .  For oth er obj ects  like worm holes (m iddle)  

or  gravastars (bot tom ) , th e in  falling w aves t hat would normally  

di sapp ear be hind the bl ack- ho leôs horizon can bo unce ar ound in the 

inside ma ny t im es,  a nd t r ickle out  as gr avitat ional-wave echoes.  Also 

Hawkingôs inform at ion paradox has prom pte d som e to  post ulate  

scenarios wh ich m ay cause such echoes to occur.  

Fi gu r e 5 . Nikhef  scient ists were inst rum ental in test ing the dynamics of General  Relati v ity  (G R) w ith gravit at ional-wa ve det ect ions [ 1,  4- 6].  

Shown are probabili ty dist r ibut ions (gray)  for possible depart ures f rom  Einst einôs theory in t he inspiral and m erger- ri ngdown regim es;  all of 

th ese are consiste nt  w ith  zero,  which is t he predicti on of General  Relati v i ty .  

Delet ed: jo in ing

Delet ed: pur sued



Einstein Telescope
The next gravitational wave observatory

Bounds on the Compton wavelength ‗ of the graviton compared to Solar System or double 

pulsar tests. Some cosmological tests are stronger (but make assumptions about dark matter)

Limit on the mass of the graviton

See ñTests of general relativity with GW150914ò 

http://arxiv.org/abs/1602.03841

Massive-graviton theory dispersion 
relation Ὁ ὴὧ ά ὧ

We have ‗ ὬȾά ὧ

Thus frequency dependent speed

ḳ ḙρ ὬὧȾ‗Ὁ )

‗ ρπËÍ

ά ρπ Å6ȾÃ

http://arxiv.org/abs/1602.03841


Einstein Telescope
The next gravitational wave observatory

First bounds derived from gravitational-wave observations, and the first tests of superluminal 

propagation in the gravitational sector

Bounds on violation of Lorentz invariance

Generic dispersion relation            Ὁ ὴὧ ὃὴὧȟ‌ πᵼ ḙρ ‌ ρὃὉ Ⱦς

Gravitational wave phase term      ‏ɰ
‌ ρ
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Several modified theories of gravity predict specific values of a:

- massive-graviton theories (a= 0, A > 0), multifractal spacetime (a= 2.5), 

- doubly special relativity (a= 3), and Horava-Lifshitz and extradimensional theories (a= 4)
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Virgo allowed source location via triangulation
GW170817 first arrived at Virgo, after 22 ms it arrived at LLO, and another 3 ms later LLH detected it 

LIGO, Hanford, WA

LIGO, Livingston, LA

Virgo, Cascina, Italy



Distributed skymaps
See https://dcc.ligo.org/LIGO-G1801864

GW170817

GW170814

GW170818

https://dcc.ligo.org/LIGO-G1801864


Multi-messenger astronomy



Looking into the heart of a dim nearby sGRB
Gravitational waves identified the progenitor of the sGRB and provided both space localization and 

distance of the source. This triggered the EM follow-up by astronomers for the kilonova

Closest by and weakest sGRB, highest SNR GW event

LIGO/Virgo network allowed source localization of 16 (degr)2 at 90% CL

and distance measurement of about 40 Mpc

Source localization requires better high frequency sensitivity



ePESSTO and VLT xshooter spectra with TARDIS radiative transfer models 

See Smartt S.J. et al., Nature, 551, 75-79, 2017 for more details

The kilonova essentially has a 

black-body spectrum (6000 K; 

blue curve in panel C)

Data shows evidence for 

absorption lines (see model with  

tellurium and cesium with atomic 

numbers 52 and 55)

Formation of Cs and Te is difficult 

to explain in supernova 

explosions

The lines are Doppler broadened 

due to the high speed of the 

ejected material (about 60,000 

km/s)

Early warning will profit from 

better low-frequency sensitivity

Multi-messenger astronomy and future early warning



Tidal deformability gives support for ñsoftò EOS, leading to more compact NS. Various models can 

now be excluded. We can place the additional constraint that the EOS must support a NS with  

Leading tidal contribution to GW phase appears at 5 PN:

Tidal effects due to neutron star structure profit from high frequency sensitivity

GW170817 properties: tidal deformability, EOS, radii
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A new cosmic distance marker
Binary neutron stars allow a new way of mapping out the large-scale structure and evolution of 

spacetime by comparing distance and redshift

Current measurements depend on cosmic 

distance ladder

Å Intrinsic brightness of e.g. supernovae 

determined by comparison with different, 

closer-by objects

Å Possibility of systematic errors at every 

ñrungò of the ladder

Gravitational waves from binary mergers

Distance can be measured directly from 

the gravitational wave signal! 



A new cosmic distance marker
A few tens of detections of binary neutron star mergers allow determining the Hubble parameters to 

about 1-2% accuracy

Measurement of the local expansion of the 

Universe

The Hubble constant

Å Distance from GW signal

Å Redshift from EM counterpart (galaxy NGC 

4993)

LIGO+Virgo et al., Nature 551, 85 (2017) 

GW170817

Å One detection: limited accuracy

Å Few tens of detections with LIGO/Virgo will be 

needed to obtain O(1-2%) accuracy

Bernard Schutz, Nature 323, 310ï311 (1986)

Walter Del Pozzo, PRD 86, 043011 (2012) 

Third generation observatories allow studies of 

the Dark Energy equation of state parameter
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Scientific impact of gravitational wave science
Multi-messenger astronomy started: a broad community is relying of detection of gravitational waves

Scientific program is limited by the sensitivity of LVC instruments over the entire frequency range

Fundamental physics

Access to dynamic strong field regime, new tests of General Relativity

Black hole science: inspiral, merger, ringdown, quasi-normal modes, echo's

Lorentz-invariance, equivalence principle, polarization, parity violation, axions

Astrophysics

First observation for binary neutron star merger, relation to sGRB

Evidence for a kilonova, explanation for creation of elements heavier than iron

Astronomy

Start of gravitational wave astronomy, population studies, formation of progenitors, remnant studies

Cosmology

Binary neutron stars can be used as standard ñsirensò

Dark Matter and Dark Energy

Nuclear physics

Tidal interactions between neutron stars get imprinted on gravitational waves

Access to equation of state



April 1, 2019: LIGO and Virgo started Observation run O3
Joining O3 is another big step for Virgo
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Virgo sensitivity: typically around 50 Mpc
Significant improvement (> 90%) with respect to the average sensitivity (26 Mpc) obtained in O2. We 

see a flat noise contribution at mid-frequencies, and significant 50 Hz noise. Power amounts to 18 W

Efficiency around 90%



O3 is here! See https://gracedb.ligo.org/latest/
Public alerts in the 3rd science run: already more candidate events than O1 and O2 combined

Virgoôs low latency computing is working as designed. Automatic public alerts not so ñautomaticò (yet)

Three events were retracted by the LVC after more detailed analysis

A new binary neutron star event: only LIGO Livingston and Virgo were operational, thus large uncertainty in sky 

position. Aneutron star-black hole event: LIGO Livingston, LIGO Hanford,  and Virgo operational, but no EM 
counterpart found

https://gracedb.ligo.org/latest/


https://en.wikipedia.org/wiki/List_of_gravitational_wave_observations
Public alerts in the 3rd science run: already more candidate events than O1 and O2 combined

Virgoôs low latency computing is working as designed. Automatic public alerts not so ñautomaticò (yet)

Three events were retracted by the LVC after more detailed analysis

A new binary neutron star event: only LIGO Livingston and Virgo were operational, thus large uncertainty in sky 

position. Aneutron star-black hole event: LIGO Livingston, LIGO Hanford,  and Virgo operational, but no EM 
counterpart found

https://en.wikipedia.org/wiki/List_of_gravitational_wave_observations


The path forward é



AdV+ as the next incremental step forward in sensitivity
AdV+ is the plan to maximize Virgoôs sensitivity within the constrains of the EGO site. It has the 

potential to increase Virgoôs detection rate by up to an order of magnitude

AdV+ features

Maximize science

Secure Virgoôs scientific relevance

Safeguard investments by scientists and funding agencies

Implement new innovative technologies

De-risk technologies needed for third generation observatories

Attractive for groups wanting to enter the field

Upgrade activities

Tuned signal recycling and HPL: 120 Mpc

Frequency dependent squeezing: 150 Mpc

Newtonian noise cancellation: 160 Mpc

Larger mirrors (105 kg): 200-230 Mpc

Improved coatings: 260-300 Mpc



Signal recycling will improve Virgoôs sensitivity at medium to high frequency

Virgoôs strain sensitivity

ÅEffect of no signal recycling is apparent. Also injected laser power 18 W, no squeezing, 3 km, é

40

Virgo will implemented signal recycling after O3



Most important part of the AdV+ upgrade project

Nikhef contributes to  

a) Optical system design

b) High-finesse 300 m long filter cavity

c) Vibration isolation of in-vacuum squeezer bench and beam matching microtowers

Frequency dependent squeezing

Virgo squeezer from AEI Hannover


