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Einstein Telescope
The next gravitational wave observatory

Chirp-signal from gravitational waves from two coalescing black holes were observed with the LIGO 

detectors by the LIGO-Virgo Consortium on September 14, 2015

Event GW150914

SXS Collaboration





https://arxiv.org/abs/1608.01940

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 this inspiral phase

The basic physics of binary black hole merger GW150914

• Total mass 𝑀 = 𝑀1 +𝑀2
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https://arxiv.org/abs/1608.01940


Estimated masses (90% probability intervals) for the two black holes in the binary (𝑚1
source 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 “Properties of the Binary Black Hole Merger GW150914” http://arxiv.org/abs/1602.03840

http://arxiv.org/abs/1602.03840


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 “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


Estimated luminosity distance and binary inclination angle. An inclination of 𝜃𝐽𝑁 = 90° means 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 also need Virgo



Sky at the time of the event, with 90% credible level contours. View is from the South Atlantic Ocean, 

North at the top, with the Sun rising and the Milky Way diagonally from NW to SE

Sky localization probability maps
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Sky map for GW150914 was sent to astronomers (agreements with 74 groups), and they looked. 

However, we do not expect any EM emission from binary black holes

Towards multi-messenger astronomy

arXiv 1602.05411

http://astrog80.astro.cf.ac.uk/Gravoscope/

http://astrog80.astro.cf.ac.uk/Gravoscope/


Einstein Telescope
The next gravitational wave observatory

What’s next?



Two confirmed gravitational-wave detections, and one candidate detection. All three events occurred 

during the first four-month run of Advanced LIGO

LVC’s first observing run



https://dcc.ligo.org/public/0124/P1600088/017/bbh-o1.pdf

Binary Black Hole Mergers in the first Advanced LIGO Observing Run

Discovery of gravitational waves

https://dcc.ligo.org/public/0124/P1600088/017/bbh-o1.pdf
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The next gravitational wave observatory

What’s next?



https://dcc.ligo.org/public/0124/P1600088/017/bbh-o1.pdf

Binary Black Hole Mergers in the first Advanced LIGO Observing Run

Source properties

https://dcc.ligo.org/public/0124/P1600088/017/bbh-o1.pdf


Our Bayesian analysis allows combination of different events in order to improve hypothesis testing

General Relativity passes first precision tests 

Orbital phase (post Newtonian expansion) 
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Inspiral PN terms 𝜑𝑗 , 𝑗 = 0, . . , 7 and 

logarithmic terms 𝜑𝑗𝑙 , 𝑗 = 5, 6

Intermediate and merger-ringdown 𝛽𝑖and 𝛼𝑖



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

The mass of the graviton is less 

than 1.2 × 10−22eV c−2

Massive-graviton theory dispersion 
relation 𝐸2 = 𝑝2𝑐2 +𝑚𝑔

2𝑐4

We have 𝜆𝑔 = ℎ/(𝑚𝑔𝑐)

Thus frequency dependent speed
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Yukawa-type potential
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𝑟
) 1 − exp(−𝑟/𝜆𝑔

used for static Solar System bounds

𝜆𝑔 > 1013km

𝑚𝑔 ≤ 10−22eV/c2

Michalis Agathos

http://arxiv.org/abs/1602.03841


Did we observe black holes?
Our theories “predict” the existence of other objects, such as worm holes, boson stars, quark 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 should be about 250 Hz.                  

This is what we measure! (http://arxiv.org/abs/1602.03841)

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


Curvature-radiation reaction time-scale phase space sampled by relevant experiments. 𝐸𝑏 is the 

characteristic gravitational binding energy and  𝐸𝑏 is the rate of change of this energy

GW150914 theoretical physics implications

ArXiv 1603.08955v1

Search for additional ringdown modes

(nice to have SNR > 100)

Address topics as

• Is a horizon formed?

• BBH or gravastars, wormholes, firewalls

• Test no-hair theorem

• Cosmic censorship hypotheses 

• Naked singularities

• …



Plausible time-line for how LIGO and Virgo detectors will operate over the coming decade. The 

colored bars correspond to observing runs, with the colors matching those in the sensitivity plots 

above. Between observing runs, we work on tuning our detectors to improve their sensitivity, and 

have engineering runs where we test the instruments

Spacetime volume probed by LVC



The percentage chance of making 0, 10, 35 and 70 more detections of binary black holes as time 

goes on and detector sensitivity improves (based upon our data so far)

Spacetime volume probed by LVC



We have observed about 1600 pulsars (NS) in our Milky Way. Thus NS exist and there are probably 

billions of NS per galaxy

We also discovered 9 binary neutron stars (BNS), e.g. Hulse Taylor BNS

These systems undergo strong quadrupole-type acceleration

After a certain time, both NS will collide

In the process a black hole may be created

Binary Neutron Stars (BNS)



© 2016 Innoseis B.V. - Confidential

Astrophysics: probing the interior structure of neutron stars
Data on BNS mergers can be used to probe the neutron star equation of state. The EOS of neutron 

stars is currently unknown: theoretical prediction of P() differ by an order of magnitude

Neutron star represents a rich system



Nikhef will start an activity on numerical relativity (Vidi, ERC-STG, postdoc and PhD)

Full Einstein equations + hydrodynamics

No symmetries

Multi-scales

Spin and tidal interactions

High-performance computing

First numerical relativity group in the Netherlands

Sebastiano Bernuzzi



© 2016 Innoseis B.V. - Confidential

Cosmology with BNS
Employ BNS as self-calibrating “standard sirens”: no need for a cosmic distance ladder. Bayesian 

analysis allows combining events to increase accuracy

Topics

• Hubble parameter with Advanced LIGO and Virgo

• Cosmological parameters with Einstein Telescope: 

e.g. time evolution of EOS parameter for dark energy



© 2016 Innoseis B.V. - Confidential

Rich physics
Many more questions can be addressed

Topics

• Astrophysics, astronomy

• Dark matter, dark energy, Hubble constant

• Scalar-Tensor-Vector Gravity (MOG)

- Alternative theory without DM

• Mass of the graviton
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To be continued …
Volgende week


