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Gravity
Gravity is the least understood fundamental interaction with many open questions. Should we not now investigate 

general relativity experimentally, in ways it was never tested before?

Gravity

īMain organizing principle in the Universe

Å Structure formation

īMost important open problems in contemporary science

Å Acceleration of the Universe is attributed to Dark Energy

Å Standard Model of Cosmology features Dark Matter

Å Or does this signal a breakdown of general relativity?

Large world-wide intellectual activity 

īTheoretical: combining GR + QFT, cosmology, é

īExperimental: astronomy (CMB, Euclid, LSST), particle                                                   

physics (LHC), Dark Matter searches (Xenon1T), é

Gravitational waves

īDynamical part of gravitation, all space is filled with GW

ī Ideal information carrier, almost no scattering or attenuation

īThe entire universe has been transparent for GWs, all the way back to the Big Bang

Gravitational wave science can impact

īFundamental physics: black holes, spacetime, horizons, matter under extreme conditions

īCosmology: Hubble parameter, Dark Matter, Dark Energy



Einstein Telescope
The next gravitational wave observatory

On September 14, 2015 we detected with the LIGO detectors for the first time gravitational waves 

(vibrations in the fabric of space and time) from the collision of two black holes

Event GW150914

LIGO Virgo Collaboration





The system will lose energy due to emission of gravitational waves. The black holes get closer and 

their velocity speeds up. Masses and spins can be determined from inspiral and ringdown phase

Binary black hole merger GW150914

[Simulating eXtreme Spacetimes Collaboration]
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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 482 members, 360 authors, and 96 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
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ī APC Paris 

ī ARTEMIS Nice

ī IFAE Barcelona

ī ILM and Navier

ī INFN Firenze-Urbino

ī INFN Genova

ī INFN Napoli

ī INFN Perugia

ī INFN Pisa

ī INFN Roma Sapienza

ī INFN Roma Tor Vergata

ī INFN Trento-Padova

ī IPHC Strassbourg

ī LAL Orsay ESPCI Paris

ī LAPP Annecy

ī LKB Paris

ī LMA Lyon

ī Maastricht University

ī Nikhef Amsterdam

ī POLGRAW(Poland)

ī University Nijmegen

ī RMKI Budapest

ī UCLouvain, Uliege, 

UAntwerp

ī Univ. of Barcelona

ī University of Sannio

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

LIGO and Virgo running of O3



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


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

GW180817 is a binary neutron star merger event. The others are black hole mergers

https://arxiv.org/abs/1811.12907


Some scientific highlights: neutron stars



Fermi Space Telescope

INTEGRAL

Gamma rays reached Earth 1.7 seconds after GW180717
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Binary neutron star merger on August 17, 2017
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

ApJ 848, L13 (2017) 
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Neutron stars are laboratories for extreme physics

Mass: from about 1.1 to about 2.2 solar mass

Density: up to several time nuclear density

Temperature: up to 1012 K

Magnetic field: up to 1011 T

Held together by gravity and supported by degeneracy pressure and NN repulsion

Extrapolate behavior of QCD, superconductivity, and superfluidity

Equation Of State: many models
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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
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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
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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) 



Early estimates now improved using known source location, improved waveform modeling, and re-

calibrated Virgo data. Chirp mass can be inferred to high precision. There is a degeneracy between 

masses and spins

Inferring neutron star properties: masses

Observation of binary pulsars in our galaxy indicates spins are not larger than ~0.04

Abbott et al. PRL 119 (2017) 161101
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Constrains on mass ratio q, …dimensionless spin, … effective spin, and … effective spin 

precession parameter. See https://arxiv.org/abs/1805.11579

Inferring neutron star properties: spins

No evidence for NS spin

… contributes to GW phase at 1.5 PN, and degenerate with q

… starts contributing at 2 PN

https://arxiv.org/abs/1805.11579


Solving an astrophysical conundrum
Neutron stars are rich laboratories with extreme matter physics in a strong gravitational environment. 

Stability is obtained due to quantum physics

Structure of neutron stars?

Å Structure of the crust?

Å Proton superconductivity

Å Neutron superfluidity

Å ñPinningò of fluid vortices to crust

Å Origin of magnetic fields?

Å More exotic objects? 

Widely differing theoretical predictions for 
different equations of state 

Å Pressure as a function of density

Å Mass as a function of radius

Å Tidal deformability as a function of mass

Å Post-merger signal depends on EOS

Å ñSoftò: prompt collapse to black hole

Å ñHardò: hypermassive neutron star

Demorest et al., Nature 467, 1081 (2010) 

Bernuzzi et al., PRL 115, 091101 (2015) 
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Probing the structure of neutron stars
Tidal effects leave their imprint on the gravitational wave signal from binary neutron stars. This provides 

information about their deformability. There is a strong need for more sensitive detectors

Gravitational waves from inspiraling binary neutron 

stars

ÅWhen close, the stars induce tidal deformations 

in each other

Å These affect orbital motion

Å Tidal effects imprinted upon gravitational wave 

signal

Å Tidal deformability maps directly to neutron star 

equation of state

Measurement of tidal deformations on GW170817              

ÅMore compact neutron stars favored

Å ñSoftò equation of state

LIGO + Virgo, PRL 119, 161101 (2017) 

Bernuzzi, Nagar, Font, é



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:

Employ common EOS for both NS (green shading), EOS insensitive relations (green), parametrized 

EOS (blue), independent EOSs (orange). See: LVC, https://arxiv.org/abs/1805.11581

Event GW170817: tidal deformability, EOS, radii

https://arxiv.org/abs/1805.11581

