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GWs in a nutshell
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Gravitational waves are dynamic fluctuations in the fabric of
space-time
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1) Start from the Einstein equations

3) Linearize metric in weak field approximation

4) Choose a gauge (Lorenz) and put yourself far from
the source

Minkowsky flat space Small perturbation (i.e. the GWs)

Solutions are transverse plane waves, that in GR move at the
speed of light and have two polarization states, just like EM
waves.



GWs in a nutshell
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In GR, GWs are described by a rank 2 tensor, thus the two
polarization states are rotated by 45° wrt each other.

ℎ#

ℎ$

In the vicinity of the source, the GW tensor ℎ!" can be written as a multipole expansion of the matter
energy-momentum tensor:
• mass conservation à no monopole radiation;
• momentum conservation à no dipole emission;
• The first nonzero contribution is the quadrupole term

GWs are emitted by time-varying quadrupole mass moment

Dipole mass moment ~ sum(mixi) è d(mixi)/dt 
~ p è d2(mixi)/dt2 ~ dp/dt =0 
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A different window on the universe
E.M. radiation Gravitational radiation
Primary emitters: charged elementary
particles, mainly electrons

Emitted by cumulative mass and momentum of entire systems

Typically emitted in small regions, with short wavelengths
(because of overall charge neutrality)

Long wavelengths 

Conveys direct information about the physical conditions of small 
portions of the astronomical sources

Conveys direct information about large-scale regions

Couples strongly to charges à easy to detect but  also easily 
scattered or absorbed by material between us and the source

Couples extremely weakly to matter à very hard to detect but 
also able to travel to us substantially unaffected by intervening 
matter, even from the earliest moments of the Big Bang

Given that 96% of the mass-energy of the universe carries 
no charge, GWs provide us with our first opportunity to 
observe directly a major part of the universe. It might turn 
out to be as complex and interesting as the charged minor 
component, the part that we call “normal” matter.
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Power emitted by a mass M and size R oscillating at frequency w~ v/R:

tMRQ wsin2»

M=1000 tons, steel rotor, f = 4 Hz è P = 10-30 W; Einstein:   “ .. a practically vanishing value…”

No Hertz experiment for GWs!

Can we generate GWs?
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Efficient sources of GW must have a large mass and be asymmetric, compact and fast:
strong field, highly relativistic systems!

This means mostly binary systems
made of Black Holes and Neutron Stars



GW sources

Casey Reed, Penn State 

AEI, CCT, LSU

Compact binary 
systems (NSNS, 
NSBH, BHBH)

Core Collapse 
Supernovae

NASA/WMAP Science Team 

Stochastic 
background of 
cosmological 
origin (inflation)

Spinning neutron 
stars (Pulsars)
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The gravitational wave produces a time dependent strain of space. The deformation of a ring of test
particles due to a gravitational wave propagating in the direction normal to the plane of the ring has the
pattern shown below:

𝛿𝜉3 =
1
2
ℎ43 𝜉4

In any realistic case, wave is so weak that the changes dxi are very small compared to the original distance xi.
Some order of magnitude:
Typically, h is O(10-19-10-22); x is O(103 m) à dx is O(10-16-10-19) m (a proton is O(10-15) m)

+ polarization

´ polarization
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Can we detect GWs?



Troublesome history
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Einstein predicted GWs in 1916 … but then doubted their existence for the rest of his life.

The controversy lasted four decades, until the Chapel Hill Conference in 1957.

Felix Pirani solved the problem of the reality of gravitational waves, showing that
gravitational waves must have physical reality, as they carry energy, and you could invent a
(thought) experiment that could detect them.

Photo by Josh Goldberg



Interferometers as GW detectors
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Interferometers can make the job!

In Pirani’s papers: “It is assumed that an observer, by the use of 
light signals or otherwise, determine the coordinates of a 
neighboring particle in his local Cartesian coordinate system”
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Displacement ~ 10-18 m
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Interferometers as GW detectors
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• First proposed by Gertsenshtein and Pustovoit - Sov . Phys. JETP 878
16, 433 (1962) 879

• First built by Forward at Hughes Research Laboratories - G . E. Moss, L.
R. Miller, and R. L. Forward, Appl. Opt. 880 10, 2495 (1971)

• First study of the noise and performance of such detectors - R. Weiss,
Electromagnetically coupled broadband gravitational antenna, Tech.
Rep. (MIT, 1972) Quarterly report of the Research Laboratory for
Electronics. https://dcc.ligo.org/LIGO P720002/public

R. Weiss
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The GW detectors network
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GEO600
KAGRA

GEO600

KAGRA

Virgo

LIGO Livingston

LIGO Hanford

• Why a network
• Coincidence detection
• Sky localization

Credits: Caltech/LIGO Lab

Credits: Caltech/LIGO Lab

Credits: ICRR, Univ. of Tokyo

Credits: https://www.geo600.org/

Credits: Virgo Coll/EGO

´ “Twin” detectors

´ 4 km arms

´ Cryogenic & 
underground

´ 3 km arms

´ High-tech 
facility

´ 0.6 km arms

LIGO India (approved)



Sky localization
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Sky location reconstructed through the time of arrival of 
GW radiation at the different detector sites, as well as 
the relative amplitude and phase of the GWs in different 
detectors.

Two interferometers can only determine an annulus in 
the sky.



Sky localization

Triple coincidence

Triple coincidence
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The Observing Runs
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• Three observing runs performed so far:
• O1: September 12th 2015 to January 12th 2016;
• O2: November 30th 2016 to August 25th 2017;
• O3: April 1st 2019 to March 27th 2020.

• Each observing run has been followed/proceeded by an upgrade 
and commissioning phase;
• Events scale as expected according to sensitivity improvement
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GW150914: First BBH

Abbott et al., PRL 116, 061102 (2016)

• O1: 
• LH (BNS range ~80 Mpc*)

* Estimated ranges from LVK Observing Scenario: Living Reviews in Relativity 23, 3 (2020)
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• O1: 
• LH (BNS range ~80 Mpc*)

• O2:
• LH (BNS range ~100 Mpc), 

V (BNS range ~30 Mpc)

* Estimated ranges from LVK Observing Scenario: Living Reviews in Relativity 23, 3 (2020)

GW170817: First BNS and 
multi messenger event

NASA's Goddard Space Flight Center, 
Caltech/MIT/LIGO Lab and ESA
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• O1: 
• LH (BNS range ~80 Mpc*)

• O2:
• LH (BNS range ~100 Mpc), 

V (BNS range ~30 Mpc)

* Estimated ranges from LVK Observing Scenario: Living Reviews in Relativity 23, 3 (2020)

GWTC-1: Abbott et al. 
Phys. Rev. X 9, 031040
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• O1: 
• LH (BNS range ~80 Mpc*)

• O2:
• LH (BNS range ~100 Mpc), 

V (BNS range ~30 Mpc)

• O3:
• O3a: Apr 2019 - September 

2019 
• LH (BNS range ~130 Mpc), V 

(BNS range ~50 Mpc)

• O3b: November 2019 -
March 2020
• Addition of KAGRA

* Estimated ranges from LVK Observing Scenario: Living Reviews in Relativity 23, 3 (2020)

PUBLIC ALERTSGWTC-3

GWTC-3: 
https://arxiv.org/abs/2111.03606

GWTC-2: R. Abbott et al. Phys. Rev. X 11, 
021053 – (9 June 2021)

GWTC-2.1: https://arxiv.org/abs/2108.01045 
(2 August 2021)



O3 Open Public Alerts
LIGO-Virgo data are jointly analyzed in real-time
• Modelled (compact binary coalescences) and unmodelled searches («bursts»)
Ø Detect and localize potential transient GW signals
When a significant-enough candidate is found
• False-alarm rate lower than 1 / O(few months)
Ø Alert sent to astronomers in order to search for counterparts through NASA’s

Gamma-ray Coordinates Network (GCN)

• Expert vetting
Ø Public alerts can be retracted
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O3 Open Public Alerts

• Localization: 3D map for follow-up
• Classification: probability that the source belongs to five categories
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Gravitational Waves Open Science Center

• All O3 (along with O1 and O2) data 
available online @ https://www.gw-
openscience.org/
• 1-hour time-series data around each

published event (prior to full data release) 
• Also contains:

• Pointers to analysis software tools;
• Materials from Open Data Workshops;
• Online tutorials.
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https://www.gw-openscience.org/
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https://www.ligo.org/detections/O3bcatalog/files/gwmerger-poster-white-md.jpg

https://www.ligo.org/detections/O3bcatalog/files/gwmerger-poster-white-md.jpg
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Before LIGO-Virgo detections



Some highlights on what we have learned

Astrophysics
• GW170817 solved the long-standing problem of the origin of (at least

some) short GRB
• NS-NS mergers are a site for the formation of some of the heaviest

elements through r-process nucleosynthesis
• BH-BH binaries exist and merge within the age of the Universe
• discovered a new population of stellar-mass BHs, much heavier than

those detected through X-ray binaries
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Some highlights on what we have learned

Cosmology/fundamental physics
• speed of GWs equal to speed of light (1:1015)
• first measurement of the Hubble constant with GWs
• the tail of the waveform of GW150914 consistent with the prediction

from General Relativity for the quasi-normal modes of the final BH
• deviations from GR (graviton mass, post-Newtonian coefficients, 

modified dispersion relations, etc.) could be tested and bounded
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What made this results possible?

• Fundamental and technical noise sources limit the sensitivity of our
instruments
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VIRGO DESIGN SENSITIVITY

What made this results possible?
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Virgo sensitivity: noise budget
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Virgo sensitivity: O2 vs O3
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The path towards O4 and O5
- Shutdown period between O3 and O4 to upgrade the current detectors à

Advanced+ detectors 
- Four detectors online in O4: 2 LIGOs, Virgo and KAGRA

O5 volume = 15*O3 volume

Phase I Phase II
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• Phase I: reduce quantum noise, hit against thermal noise
• Phase II: push down the thermal noise wall

AdV+: sensitivity goal

V. Fafone - Einstein Telescope 36



Perspectives
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What’s Next?
• The detection of GW has been a huge scientific achievement, result of a 

century of efforts, but actually it is the beginning of a new era in the 
observation of the Universe
• 2nd generation GW detectors will explore local Universe, initiating the 

precision GW astronomy, but to have cosmological investigations a factor 
of 10 improvement is needed

à need to develop a third generation of GW detectors
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Science potentials for 3G detectors
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Detection horizon for black hole binaries
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BNS to z ≈ 2: 105 BNS/yr (15-50/yr with counterpart)



Einstein Telescope’s science in a nutshell
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ET in the global network

• Einstein Telescope will operate in synergy with a new generation of 
innovative observatories
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Einstein Telescope Design Studies



Science questions to be addressed by GWs
• Fundamental questions in Gravity:

• New/further tests of GR
• Exploration of possible alternative theories of Gravity
• How to disprove that Nature black holes are black holes in GR (e.g. non tensorial radiation, quasi normal modes inconsistency, absence of 

horizon, echoes, tidal deformability, spin-induced multipoles)

• Fundamental questions in particle physics
• Axions and ultralight particle through the evaluation of the consequences of new interactions, their impact on two bodies mechanics, in 

population and characterisics of BHs, NSs

• Probing the EOS of neutron stars
• Exotic objects and phenomena (cosmic strings, exotic compact objects: boson stars, strange stars/gravastars, …)
• Cosmology and Cosmography with GWs
• Accurate Modelling of GW waveforms
• GW models in alternative theory of gravitation
• The population of compact objects discovered by GWs is the same measured by EM? Selection effects on BHs and NSs?
• What is the explosion mechanism in Supernovae?
• What is the history of SuperMassive black holes?
• GW Stochastic Background? Probing the big bang?
• Multimessenger Astronomy in 3G?

V. Fafone - Einstein Telescope

Fundamental interactions, Dark matter, dark energy

Inflation, additional interactions, dark matter

Nuclear physics, quark-gluon plasma, Neutrino Physics

Cosmology

Cosmology, inflation

Astroparticle, GRB, Neutrino Physics

Nuclear physics, Neutrino Physics

44

Cosmology



Highlights in some fundamental questions: #1
• Is Einstein’s General Relativity THE theory of gravitation?
• Test of GR
• Polarisations of GWs
• Black Hole Quasi-Normal modes
• Test of wave propagation

• Massive Gravity
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NB: the following slides are extracted from the 
GWIC-3G and ET science case documents

Theoretical physics implications of the binary 
black-hole mergers GW150914 and GW151226
PHYSICAL REVIEW D 94, 084002 (2016)
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Alternative theories of Gravity: polarisations
• GR predicts a tensorial nature of GW with two polarisations
• Alternative theories of gravity could predict extra polarisations of GW (up to 6)

• 2G detectors are attempting to verify the GW tensorial nature:
• + and x polarisations can be resolved by 2 interferometers at 45° (C)
• A null stream can be realised (B): ℎ3455 = ℎ6 − ℎ1

• ET, thanks to its multi-detector design, is capable to resolve the 
two polarisations of the GW
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QuasiNormal modes of a BH
• In GR, no-hair theorem predicts that BHs are described 

only by their mass and spin (and charge)
• However, when a BH is perturbed, it reacts (in GR) in a very 

specific manner, relaxing to its stationary configuration by 
oscillating in a superpositions of quasi-normal modes, which 
are damped by the emission of GWs.
• A BH, a pure space-time configuration, reacts like an elastic 

body → Testing the “elasticity” of the space-time fabric
• Exotic compact bodies (boson stars, stars made of dark 

matter particles...) could have a different QN emission and 
have echoes

ET will resolve QN 
emission by BH

V. Fafone - Einstein Telescope 47



Test of wave propagation

• Modified theories of gravity predict dispersion
• Dispersion modifies the phase and frequency of the detected GW signal
• 2G detectors already imposed a severe limit on:

• ET and the 3G network, observing GW sources at 𝑧~20 will improve the limit by 
about 2 orders of magnitude

2 2 2

2 2 2 2 4
g

E p c Ap c
E p c m c
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= + ( )cmh gg /=l
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mg < 1.8 10-23 eV/c2



• What is the nature of Dark Matter?
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New 
family 
of BH?

BHs or a 
Hypermassi
ve NSs in 
the mass 
gap?

Juan García-Bellido 2017 J. Phys.: Conf. Ser. 840 012032

Highlights in some fundamental questions: #2



Primordial BHs in ET
• ET will detect BH well beyond the SFR peak 𝑧~2

• comparing the redshift dependence of the BH-BH merger rate with the cosmic star formation rate it will 
be possible to disentangle the contribution of BHs of stellar origin from that of possible BHs of primordial 
origin (whose merger rate is not expected to be correlated with the star formation density)
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/AdV

Star Formation Rate peak

BBHs from POP3 stars merger? 

Primordial BH?

• The huge number of detections in ET will allow 
to perform cross-correlations between the 
detected GW events and large-scale 
structures, providing another clue to the origin 
of the observed BHs.

• Primordial BHs of mass around a solar mass 
could have formed at the QCD quark-hadron 
transition via gravitational collapse of large 
curvature fluctuations generated during the 
last stages of inflation. 
• This could explain not only the present 

abundance of dark matter but also the baryon 
asymmetry of the universe.



Investigating axion-like particle with GWs
• Axions or, in general, light scalar fields are a possible extension of the Particle 

standard model and they could be a component of the dark matter or dark energy
• Axions could provide an inflation mechanism

• What GW could tell about Axions?

Junwu Huang et al.
arXiv:1807.02133v1
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BNS coalescence

BH super-radiance



• What is the nature of the Dark Energy?
• ET will detect O(105-106) BNS and BBH coalescences per year
• Let suppose that only O(102-103) will have an em counterpart
• It is possible to combine the two messenger to fit the cosmological model of 

the Universe
• ET will define the luminosity distance dL of the source
• The em counterpart will give the red shift z
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First “attempt” with the measurement of H0 made with GW170817

Highlights in some fundamental questions: #3



• What are the fundamental properties of sub-atomic matter in critical density 
conditions?
• Neutron Star Equation of state
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Highlights in some fundamental questions: #4



Structure of a 
Neutron Star

V. Fafone - Einstein Telescope
54N. Andersson, “Whispers from the Edge of Physics,” Journal of Astrophysics and

Astronomy 38 (Sept., 2017) 58.

Tide

M
erger

Ringdow
n

• Measuring the tidal deformation through the
dephasing in the GW signal is possible to
constrain the EOS of the NS
• Advanced+ detector could arrive to an

accuracy less than 1km
• To go below 100m we need 3G detectors



Multi-messenger astronomy
• GW are the only messenger that transport information before the event is occurred
• In GW170817 we had a large delay between the event and the alert, but in O3 the 

alert are automatically sent in few minutes AFTER the merging 
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t0     1.7s                     +5.23hrs        +10.87 hrs +9 days +16 days

Short GRBNS merger

UV/Optical/NIR Kilonova

X-ray Radio 
afterglow

LHV sky localization

LVC + astronomers, ApJL, 848, L12



Low frequency: Multi-messenger astronomy
• If we are able cumulate enough SNR before the merging phase, we can trigger e.m. 

observations before the emission of photons
• Keyword: low frequency sensitivity→ET
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From 2G to 3G
• To achieve the expected targets of physics, ET must gain about an order of 

magnitude of frequency wrt the 2G detectors
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MASS ACCURACY
HIGH MASS/HIGH Z

NUMBER of SOURCES

MERGER PHYSICS
LOCALIZATION

Advanced Virgo

ET

• This is obtaining mixing 
up 3 ingredients:
• Infrastructure
• Detector design
• Technology



Einstein Telescope Design Studies
• Conceptual Design Study: https://tds.virgo-gw.eu/?call_file=ET-0106C-10.pdf
• Design Report Update: https://apps.et-gw.eu/tds/?content=3&r=17245
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The ET underground infrastructure

• GW detectors sensitivity scales linearly with the length of the arms:
• From 3km of AdV to 10km of ET

• To reduce the impact of the environmental disturbances (seismic, acustic, 
electromagnetic) the ET infrastructure is located underground

V. Fafone - Einstein Telescope 59ET pictorial representation

~200m



Xylophone detector design
• Einstein Telescope splits the detection band over two instruments: an interferometer optimized for 

measuring low-frequency gravitational waves and an optimized high-frequency interferometer

• ET-LF: large cryogenic (10 -20 K) silicon test masses, seismic suspensions, new wavelength, FDS, ..
• ET-HF: high power laser, high circulating light power, thermal compensation, large test masses, FDS, 

..
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Einstein Telescope xylophone sensitivity
• Three detectors with arm length of 10 km

• Each detector consists of a low-frequency and a high-frequency interferometer

• All six interferometers will be sited in hard-rock up to a few hundred meters underground
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Detector Design
• The second ingredient to gain sensitivity and science potential in ET wrt 2G detectors is the 

detector design:  
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• ET is an Observatory
• The Observatory is composed by 

3 detectors
• Each detector is composed by 

two interferometers



STAND-ALONE OBSERVATORY
• Start with a single 

(xylophone) 
detector
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STAND-ALONE OBSERVATORY
• Start with a single 

(xylophone) 
detector
• Add a second one 

to fully resolve 
polarizations

V. Fafone - Einstein Telescope 64

!"#

$%

!"#

$%

!
"#

$%

!
"#

$%

&'()*+
&'(),+ -

."
),

+

-.")*+

/012

/012

/0
12

34%5#'4%67'.'589:'
;<.9:=9%'69:#49%6>37)?@

!"#$%&'('#()*%+*'&,%-*''.%".&%/01'2
#).343(3%)5%(6)%74#$'03).%4.('*8
5'*)9'('*3:%;$'%<=%&'('#()*3%.''&
).'%540('*#">4(?%'"#$,%6$40'%($'%@=%
&'('#()*3%*'A14*'%B%540('*%#">4(4'3
'"#$%&1'%()%($'%13'%)5%&'(1.'&
34-."0%*'#?#04.-:

Antenna pattern for a polarized GW:
simple “L” (left) vs Triangle (right)



STAND-ALONE OBSERVATORY
• Start with a single 

(xylophone) detector
• Add a 2nd one to fully resolve 

polarization
• Add a 3rd one for redundancy   
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Examples for 3G challenges
• the identification of a facility site with low seismic and acoustic noise, and 

other suitable environmental properties
• development of mitigation techniques for gravity gradient noise
• development of low-noise, efficient cryogenic mirror suspension
• the production of large, high-quality test mass substrates, both silica and 

silicon or sapphire
• the polishing and coating of large test mass substrates to very low spatial

roughness at larger spatial scales
• the development of suitable mirror coatings
• the development of multi-stage suspensions supporting test masses of 

several 100 kg 
• the development of lower cost vacuum technology for ultra-high vacuum in 

vacuum chambers and the beam pipes
• ...
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Project timeline
• Approved by ESFRI for the 2021 Roadmap
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Site decision timeline and procedure

V. Fafone - Einstein Telescope 68

• Activities are well underway. Decision and site selection procedure determined at government level

• Site qualification activities in progress

• Currently there are two sites, in Europe, candidate to host ET: 
• The Sardinia site, close to the SosEnattosmine
• The EU RegioRhine-Meussesite, close to the NL-B-D border
• A third option in Saxony (Germany) is under discussion



Value creation for society
• ET stimulates national and regional innovation power, activity, employment and attractivity for 

top scientists
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