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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

− Main organizing principle in the Universe

• Structure formation

− Most important open problems in contemporary science

• Acceleration of the Universe is attributed to Dark Energy

• Standard Model of Cosmology features Dark Matter

• Or does this signal a breakdown of general relativity?

Large world-wide intellectual activity 

− Theoretical: combining GR + QFT, cosmology, …

− Experimental: astronomy (CMB, Euclid, LSST), particle                                                   

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

Gravitational waves

− Dynamical part of gravitation, all space is filled with GW

− Ideal information carrier, almost no scattering or attenuation

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

Gravitational wave science can impact

− Fundamental physics: black holes, spacetime, horizons, matter under extreme conditions

− Cosmology: Hubble parameter, Dark Matter, Dark Energy



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 will join the global network



Virgo is a European collaboration with 540 members, 352 authors, 104 institutes, 11 countries

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

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

• Institutes in Virgo Steering Committee

Virgo Collaboration
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− APC Paris 

− ARTEMIS Nice

− IFAE Barcelona

− ILM and Navier

− INFN Firenze-Urbino

− INFN Genova

− INFN Napoli

− INFN Perugia

− INFN Pisa

− INFN Roma Sapienza

− INFN Roma Tor Vergata

− INFN Trento-Padova

− IPHC Strassbourg

− LAL Orsay ESPCI Paris

− LAPP Annecy

− LKB Paris

− LMA Lyon

− Maastricht University

− Nikhef Amsterdam

− POLGRAW(Poland)

− University Nijmegen

− RMKI Budapest

− UCLouvain, ULiege, 

Uantwerp, KULeuven

− Univ. of Barcelona

− University of Sannio

− Univ. of Valencia

− University of Jena

Advanced Virgo 

Upgrade project of Virgo interferometer

Project has been completed on July 31, 2017

Virgo detector is part of the international network 

of 2nd generation detectors

Joined the O2 run on August 1, 2017

Now running O3 together with LIGO

Full year data taking ends on April 30, 2020

Collaboration keeps growing
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Advanced LIGO’s Second 
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
“GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO 

and Virgo during the First and Second Observing Runs”, 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


LVC is collecting data. We will continue O3 until April 30, 2020

O3 now has

32 BBH

7 BNS

6 NSBH

3 MassGap

Event rate



Procedures defined in MOA between KAGRA, LIGO and Virgo

LIGO and Virgo Collaborations release Open Public Alerts, with low latency, for all interesting signal 

triggers, and follow-up information sufficient for non-GW observers to find hosts

Release of Open Public Alerts

S190425z
FAR < 1/100 yrs

7461 deg2 in 90% c.r.

Distance 156±41 Mpc

L, V

GCN 24168, 24228 Chirp



Press Release on January 6, 2020 at IAU meeting in Hawaii
GW190425: confirmation of our BNS merger detection in 2017. First released event of O3 run

Marie-Anne Bizouard was present during the press announcement

System is more massive than BNS observed in our galaxy

Remarks: 

• Competitive situation among waveform enthusiasts

• Attempts to change draft after VSC approval (e.g. references)

• Virgo not too visible: discussed with LIGO management



Some scientific highlights: black holes



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, …

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): ℎ𝛼𝛽 𝑓 = ℎ𝛼𝛽𝑒𝑖Φ 𝑓
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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 “predict” 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. This demands good sensitivity at high frequency

Is a black hole created in the final state?

ℎ(𝑡 ≥ 𝑡0) = 𝐴𝑒−(𝑡−𝑡0)/𝜏 cos 2𝜋𝑓0 𝑡 − 𝑡0 + 𝜙0

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

• Motivated by Hawking’s information paradox

• Firewalls, fuzzballs, EP = EPR, …

Fermionic dark matter

• Dark matter stars

Boson stars

• Macroscopic objects made up of scalar fields

Gravastars

• Objects with de Sitter core where spacetime is                 

self-repulsive

• Held together by a shell of matter

• Relatively low entropy object

GW observables

• Inspiral signal: modifications due to tidal deformation effects

• Ringdown process: use QNM to check no-hair theorem

• Echoes: even for Planck-scale corrections Δ𝑡 ≈ −𝑛𝑀 log
𝑙

𝑀

• Studies require good sensitivity at high frequency

arXiv:1608.08637
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weak. However, similar events observed at design sensitivity, factors 2-4 better (see Figures 12 and 18) than 

hitherto achieved, should make such measurements 

possible [8]. 

In view of Hawking’s information paradox, theorists 

have proposed quantum modifications of black holes 

(for example firewalls [9] and fuzzballs [10]) that have 

effects at the macroscopic level. Apart from these 

quantum modifications of black holes, also black hole 

mimickers have been theorised, objects that are nearly 

as compact as black holes, but quite different in nature. 

Examples include Dark-Matter stars [11], composed of 

fermionic Dark-Matter particles that congregate into 

star-like objects held up by degeneracy pressure; 

gravastars [12], whose interior spacetime is self-

repulsive, similar to Dark Energy; and boson stars [13], 

macroscopic objects made of scalar fields, as motivated 

by the discovery of the Higgs, cosmic inflation, the 

axion as a solution to the strong CP problem, moduli in 

string theory, and certain forms of Dark Matter. This may 

lead to gravitational-wave echoes [14]: bursts of radiation 

at regular time intervals that emerge even after the 

ringdown signal has died out as illustrated in Figure 4. As 

such, gravitational waves offer a real possibility to provide 

empirical input on what hitherto were purely theoretical 

ideas. 

 

Alternative theories of gravity often predict extra polarisation states on top of the two in General Relativity shown in 

Figure 2. With the two LIGO detectors alone, it would be impossible to find out whether extra polarisations states 

are present in the signal, because at least three detectors are required to determine the crucial sky localisation of 

the source [3]. With Virgo having joined the network as a third detector, this fundamental test can be pursued [XX]. 

 

Box 2: Gravitational waves: testing General Relativity 

The direct detection of gravitational waves has allowed us to study the genuinely strong-field dynamics of General 

Relativity [1, 4-6]. The gravitational waveforms from binary black-hole mergers can be characterised 

mathematically by a set of coefficients, for example the so-called post-Newtonian coefficients, which govern the 

inspiral process. Using the GW150914 event, for the first time, meaningful bounds were placed on possible 

deviations from the predictions of General Relativity, as shown in Figure 5. Additionally, the propagation of 

gravitational waves over large distances could be studied, in particular their dispersion; this way the mass of the 

hypothetical graviton particle was constrained to be less than 7.7´10
-23

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

Nikhef collaborators. 

 

  

Figure 4. Black holes no longer emit gravitational radiation once the 

ringdown has died out (top). For other objects like wormholes (middle) 

or gravastars (bottom), the in falling waves that would normally 

disappear behind the black-hole’s horizon can bounce around in the 

inside many times, and trickle out as gravitational-wave echoes. Also 

Hawking’s information paradox has prompted some to postulate 

scenarios which may cause such echoes to occur. 

Figure 5. Nikhef scientists were instrumental in testing the dynamics of General Relativity (GR) with gravitational-wave detections [1, 4-6]. 

Shown are probability distributions (gray) for possible departures from Einstein’s theory in the inspiral and merger-ringdown regimes; all of 

these are consistent with zero, which is the prediction of General Relativity. 

Deleted: joining

Deleted: pursued



Einstein Telescope
The next gravitational wave observatory

Bounds on the Compton wavelength 𝜆𝑔 = ൗℎ 𝑚𝑔𝑐 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 “Tests of general relativity with GW150914” 

http://arxiv.org/abs/1602.03841

Massive-graviton theory dispersion 
relation 𝐸2 = 𝑝2𝑐2 +𝑚𝑔

2𝑐4

We have 𝜆𝑔 = ℎ/(𝑚𝑔𝑐)

Thus frequency dependent speed
𝑣𝑔
2

𝑐2
≡

𝑐2𝑝2

𝐸2
≅ 1 − ℎ2𝑐2/(𝜆𝑔

2𝐸2)

𝜆𝑔 > 1013 km

𝑚𝑔 ≤ 10−22eV/c2

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            𝐸2 = 𝑝2𝑐2 + 𝐴𝑝𝛼𝑐𝛼, 𝛼 ≥ 0 ⇒
𝑣𝑔

𝑐
≅ 1 + 𝛼 − 1 𝐴𝐸𝛼−2/2

Gravitational wave phase term      𝛿Ψ =
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ℎ𝑐 2−𝛼
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Several modified theories of gravity predict specific values of :

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

- doubly special relativity ( = 3), and Horava-Lifshitz and extradimensional theories ( = 4)



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 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 “Properties of the Binary Black Hole Merger GW150914” http://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


BBH events suggest that the individual spins were either small, or they pointed opposite from one 

another, cancelling each other. Precession is an important clue into how the black holes formed

PBHs might have been produced from the collapse of large primordial density fluctuations in the 

early Universe (perhaps at the QCD phase transition)

The shaded regions (right figure) correspond to the mass function imprinted by the QCD phase 

transition, for different primordial BH abundances and a primordial scale invariant spectrum

Primordial black holes as dark matter candidates



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 times 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 neutrino’s 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)

−3 × 10−15 <
Δ𝑣

𝑣𝐸𝑀
< +7 × 10−16

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

Δ𝑡gravity = −
Δ𝛾

𝑐3
න
𝑟0

𝑟𝑒

𝑈 𝑟 𝑡 ; 𝑡 𝑑𝑟

Milky Way potential gives same effect to within         

− 2.6 × 10−7 ≤ 𝛾GW − 𝛾EM ≤ 1.2 × 10−6

Including data on peculiar velocities to 50 Mpc we find 

Δ𝛾 ≤ 4 × 10−9

ApJ 848, L13 (2017) 



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

ApJ 848, L13 (2017) 

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

or MoG/Scalar-Tensor-Vector 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)
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Gregory Horndeski
See https://horndeskicontemporary.com/

https://horndeskicontemporary.com/


Cosmology
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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

• Intrinsic brightness of e.g. supernovae 

determined by comparison with different, 

closer-by objects

• Possibility of systematic errors at every 

“rung” 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

• Distance from GW signal

• Redshift from EM counterpart (galaxy NGC 

4993)

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

GW170817

• One detection: limited accuracy

• Few tens of detections with LIGO/Virgo will be 

needed to obtain O(1-2%) accuracy

Bernard Schutz, Nature 323, 310–311 (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 “sirens”

Dark Matter and Dark Energy

Nuclear physics

Tidal interactions between neutron stars get imprinted on gravitational waves

Access to equation of state
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Scheduling of science runs, AdV+ installation and commissioning

2019 2020 2021 2022 2023 2024 2025 2026

Observing Run O3 (> 60 Mpc)

Design, infrastructure preparation for AdV+

Install AdV+ signal recycling and frequency dependent squeezing

Observing O4 (> 120 Mpc)

Install AdV+ large mirror upgrades

?

AdV+ commissioning

Observing Runs

A+ fabrication

Install A+ upgrades

A+ integration into chambers

A+ commissioning

Completion AdV+ 

LIGO A+ Upgrade plan (see LIGO-G1702134)

Virgo AdV+ tentative upgrade plan

Five year plan for observational runs, commissioning and upgrades

Note: Break between O3 and O4, and duration of O3 and O4 have not been decided

AdV+ is part of a strategy to go from 2nd generation to Einstein Telescope36

Commissioning break in October 2019

Duration of O3: until the end of April 2020 (duration of O4 has not been decided)

Break between O3 and O4 probably around 18 months (allow installation and commissioning)

AdV+ to be carried out in parallel with LIGO’s A+ upgrade

AdV+ is part of a strategy to go from 2nd generation to Einstein Telescope



Einstein Telescope and Cosmic Explorer
Realizing the next gravitational wave observatories is a coordinated effort with US to create a 

worldwide 3G network

Einstein Telecope

Cosmic ExplorerET in Sardinia?
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Einstein Telescope and Cosmic Explorer
Einstein Telescope will feature excellent low-frequency sensitivity and have great discovery potential

For science case, see https://www.dropbox.com/s/gihpzcue4qd92dt/science-case.pdf?dl=0

https://www.dropbox.com/s/gihpzcue4qd92dt/science-case.pdf?dl=0


Einstein Telescope
Einstein Telescope can observe BBH mergers to red shifts of about 100. This allows a new approach to 

cosmography. Study primordial black holes, BH from population III stars (first metal producers), etc.

Einstein Telescope has direct access to signals from black hole mergers in this range



Gravitational wave research

• LIGO and Virgo operational

• KAGRA to join this year

• LIGO-India under construction (2025)

• ESA selects LISA, NASA rejoins 

• Pulsar Timing Arrays, such as EPTA and SKA

• Cosmic Microwave Background radiation

Einstein Telescope and Cosmic Explorer

• CDR ET financed by EU in FP7, CE by NSF

• APPEC gives GW a prominent place in the new                 

Roadmap and especially the realization of ET  

Next steps for 3G

• Organize the community and prepare a credible plan                

for EU funding agencies 

• ESFRI Roadmap (2020)

• Support 3G: http://www.et-gw.eu/index.php/letter-of-intent

Bright future for gravitational wave research 

LIGO and Virgo are operational. KAGRA in Japan joins this year, LIGO-India under construction. 

ESA launches LISA in 2034. Einstein Telescope and CE CDRs financed. Strong support by APPEC

http://www.et-gw.eu/index.php/letter-of-intent


Questions?


