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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 since about a decade

KAGRA expected to join in 2019



A wave equation for the curvature perturbations where Ὣ – Ὤ . In vacuum Ὕ π

Einstein equations Ὑ Ὣ Ὑ Ὕ

Linearized EFE and gravitational waves
Einstein field equations can be written as a wave equation for metric perturbations

We consider solutions Ὤ ᴙÅ‭ Ὡ with wave vector Ὧ
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a basis for the polarization tensor

Using the gauge condition ‬Ὤ πleads to Ὧ‭ πand we                                                 

have 6 remaining independent elements in the polarization tensor

Among the set of coordinate systems, it is possible to choose one 

for which ‭ π. In GR this reduces the number of independent 

elements to 2 denoted ñplusò and ñcrossò polarization
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Scientific achievements: properties of black holes
Extract information on masses, spins, energy radiated, position, distance, inclination, 

polarization. Population distribution may shed light on formation mechanisms

LVC reported on 6 BBH mergers

Chirp mass is well inferred

Merger dynamics more sensitive to total mass

Abbott et al. ApJ 851 (2017) L35



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 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

For this we need a third detector: Virgo



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

Spin-precessing binary



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

one another, cancelling each other's effect

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


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?



Fundamental physics: did we observe black holes?
Our theories ñpredictò the existence of other objects, such as quantum modifications of GR black 

holes, boson stars, gravastars, firewalls, etc. Why do we believe we have seen black holes?

wormhole

black hole information paradox spacetime quantum foam

firewall model



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

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

arXiv:1608.08637
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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
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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
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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)



Virgo joins LIGO in August 2017



Virgo is a European collaboration with about 280 members

Advanced Virgo (AdV): upgrade of the Virgo interferometric detector

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

Å 22 laboratories, about  280 authors

17

Advanced Virgo

ī APC Paris 

ī ARTEMIS Nice

ī EGO Cascina

ī INFN Firenze-Urbino

ī INFN Genova

ī INFN Napoli

ī INFN Perugia

ī INFN Pisa

ī INFN Roma La 

Sapienza

ī INFN Roma Tor Vergata

ī INFN Trento-Padova

ī LAL Orsay ïESPCI 

Paris

ī LAPP Annecy

ī LKB Paris

ī LMA Lyon

ī Nikhef Amsterdam

ī POLGRAW(Poland)

ī RADBOUD Uni. 

Nijmegen

ī RMKI Budapest

ī UCLouvain

ī ULiege

ī Univ. of Barcelona

ī Univ. of Valencia

ī University of Jena

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

8 European countries



Advanced Virgo started operation on August 1, 2017. It features many improvements with respect to 

Virgo and Virgo+

Instrumentation improvements for Observing run 2

Å Larger beam: 2.5x larger at ITMs

Å Heavier mirrors: 2x heavier

Å Higher quality optics: residual roughness < 0.5 nm

Å Improved coatings for lower losses:              

absorption < 0.5 ppm, scattering < 10 ppm

Å Reducing shot noise: arm finesse of cavities are           

3 x larger than in Virgo+

Å Thermal control of aberrations: compensate for cold 

and hot defects on the core optics: 

} ring heaters

} double axicon CO2 actuators

} CO2 central heating 

} diagnostics: Hartmann sensors & phase cameras

Å Stray light control:  suspended optical benches in 

vacuum, and new set of baffles and diaphragms to 

catch diffuse light

Å Improved vacuum: 10-9 mbar instead of 10-7 mbar

18

Advanced Virgo



Nov 
2016

Dec
2016

Jan
2017

Feb
2017

Mar
2017

Apr
2017

May
2017

Jun
2017

Jul
2017

Aug
2017

January 4, 2017

August 1, 2017

June 6, 2017
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Observing Run

Virgo 
turns on



August 14, 2017 three detectors observed BBH. Initial black holes were 31 and 25 solar mass, while 

the final black hole featured 53 solar masses. About 3 solar mass radiated as pure GWs

20

First triple detection by Virgo and 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

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 a fundamental of the polarizations of spacetime

First test of polarizations 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 a fundamental of the polarizations of spacetime

First test of polarizations of gravitational waves

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
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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



Gravitational wave traveled for almost 2 billion years through the Universe and hit Earth first at lat. 

44.95 degr S, long 72,97 degr W, Puerto Aysen, Chili. The source was in the constellation Eridanus

25

First triple detection by Virgo and LIGO



Multi-messenger astronomy



Fermi Space Telescope

INTEGRAL

Gamma rays reached Earth 1.7 seconds after GW event
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GW170817: start of multi-messenger astronomy with GW
Many compact merger sources emit, besides gravitational waves, also light, gamma- and X-rays, and 

UV, optical, IR, and radio waves, as well as neutrinoôs or other subatomic particles. Our three-detector 

global network allows identifying these counterparts 
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Implications for fundamental physics
Gamma rays reached Earth 1.7 s after the end of the gravitational wave inspiral signal. The data are 

consistent with standard EM theory minimally coupled to general relativity

GWs and light propagation speeds

Identical speeds to (assuming conservative lower bound 

on distance from GW signal of 26 Mpc)

σ ρπ
ɝὺ

ὺ
χ ρπ

Test of Equivalence Principle

According to General Relativity, GW and EM waves are 

deflected and delayed by the curvature of spacetime

produced by any mass (i.e. background gravitational 

potential). Shapiro delays affect both waves in the same 

manner

ɝὸ
ɝ‎
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Milky Way potential gives same effect to within         

ςȢφ ρπ ‎ ‎ ρȢς ρπ

Including data on peculiar velocities to 50 Mpc we find 

ɝ‎ τ ρπ

ApJ 848, L13 (2017) 



Dark Energy and Dark Matter after GW170817
GW170817 had consequences for our understanding of Dark Energy and Dark Matter

Dark Energy after GW170817
Adding a scalar field to a tensor theory of gravity, yields two generic effects:

1. There's generally a tensor speed excess term, which modifies (increases) the propagation speed of GW

2. The scale of the effective Planck mass changes over cosmic times, which alters the damping of the gravitational 

wave signal as the Universe expands

Simultaneous detection of GW and EM signals rules out a class of modified gravity theories (arXiv:1710.05901v2)

A large class of scalar-tensor theories and DE models are highly disfavored, e.g. covariant Galileon, but also other 

gravity theories predicting varying cg such as Einstein-Aether, Horava gravity, Generalized Proca, TeVeS and other 

MOND-like gravities

GW170817 falsifies Dark Matter Emulators

No-dark-matter modified gravity theories like TeVeS and relativistic bi-metric extensions of Milgrom's MOND 

ideas have the property that GW propagate on different geodesics (normal matter) from those followed by 

photons and neutrinos (effective mass to emulate dark matter)

This would give a difference in arrival times between photons and gravitational waves by approximately 800 

days, instead of the 1.7 seconds observed (arXiv:1710.06168v1)


