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An introduction to Einstein Telescope

➢ ET will provide precision measurements of GW sources in the nearby Universe.

➢ A discovery machine investigating the first moments of the Universe.
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Credits: Paolo Pani & INFN



Fundamental physics with the Einstein Telescope: some examples
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➢ Infer on the tidal deformability

➢ Constraints on the EoS

➢ Electromagnetic counterpart

Case 2: Nuclear physicsCase 1: special events

➢ Subsolar events, intermediate 

mass black holes.

➢ Primordial (PBH) origin? Pop III?

Case 3: BH Spectroscopy

➢ Measuring more that one mode 

is used as a GR consistenceny

check.

➢ Fundamental mode and first 

overtone: 6% and 30% accuracy.



Tidal love numbers: the importance of subsolar objects



Subsolar compact objects still missing

Credits: www.ligo.caltech.edu/MIT/image/ligo20211107a

Subsolar compact 

objects from GW 

observations still

not comfidently

detected!
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SSM candidates and how they are deformed

➢ Astrophysics objects: Light neutron stars (Metzger-

Hui-Cantiello, 2024; De Luca+, 2026).

➢ Exotic compact objects: boson stars, fermionic

stars (Cardoso-Pani, 2019; Del Grosso+, 2023);

➢ Primordial black holes (S. Hawking, 1971).

Non-zero tidal deformabilities

Non-deformable (symmetry properties)

New 

physics
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Waveform modeling of SSM binaries

➢ Subsolar objects will be mostly observed in the inspiral part of the signal.

Point particle phase: 

contains mass and spin 

effects Tidal phase

5PN + 6PNUp to 4PN

Combinations of Λ1 and Λ2
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PBH binary injections

➢ Bayesian inference

analysis performed with 

Bilby (Ashton+, 2018)

➢ PBH binary injections + 

recovery

➢ Inject SSM200308

parameters (Prunier+,  

2023) + zero tides

➢ O3 sensitivity

FC-Franciolini-Pani-Riotto, 2024Effective tidal: 

undistinguishable 

SSM candidates
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Neutron stars 

may reach Λ ≈

106 (excluded

at 3σ)

O3 to ET



Nuclear physics implications of a SSM detection

➢ Large tidals can be exploited to constrain the NS EoS.

FC-Franciolini-Pani-Vaglio, 2024
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Equal-mass binaries

Current LVK bound



Including higher tidal terms
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Valletta, FC+, in preparation

➢ Higher tidal corrections are computed up to 8PN (Chakraborty, Pani, 2026).

➢ Compare the hypotheses A=up to 8PN and B=up to 7PN with Bayes factors.



Tests of General Relativity with ET



Tests of GR: black hole spectroscopy

➢ Time domain analyses: measure quasi-normal modes and perform consistency checks.
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t

h(t)

Merger

Early times: 

non-linearities and 

transient effects

Late times:

Quasi-Normal-Mode 

superposition

Brito+, 2015



Tests of GR: greybody factors
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➢ Model the postmerger in the frequency domain with the 

reflectivity of the black hole:

➢ Novel test of GR along with standard BH spectroscopy 

(Rosato-FC+, 2026).

Rosato, FC+, 2026



Tests of GR: greybody factors
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➢ Model the postmerger in the frequency domain with the 

reflectivity of the black hole:

➢ Novel test of GR along with standard BH spectroscopy 

(Rosato-FC+, 2026).

Rosato, FC+, 2026



Tests of GR: greybody factors
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➢ Model the postmerger in the frequency domain with the 

reflectivity of the black hole:

➢ Novel test of GR along with standard BH spectroscopy 

(Rosato-FC+, 2026).

Rosato, FC+, in preparation



Conclusions and future developments

Take-home messages:

Tidal parameters can help us understanding the nature of compact objects.

Tests of GR in the inspiral and in the ringdown will be much improved with ET.

Future directions of the fundamental physics division in ET:

Developing framework and performing inspiral-merger-ringdown consistency test

Investigating the impact of overlapping signals on tests of gravity

Designing methods for stacking multiple GW events
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Thank you for your attention!



Back-up slides



Einstein Telescope: geometry and site(s)

➢ Currently 3 candidate sites.

➢ Triangle vs L-shaped instruments.
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Crescimbeni+, to appear

EMR
Lausitz

Sardinia

Branchesi+ (CoBA paper), 2023



Tests of GR: inspiral

➢ Consider a binary with Msrc=40M0, q=0.74, 

and z=4.

➢ Apply PN deviations on the GW phase.

➢ Negative PN constraints can be further 

analyzed with low-frequency GW detectors.
Possible sinergies

with LISA and 

LGWA!
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Crescimbeni+, to appear



22

Division 1 activities in the Einstein Telescope collaboration

Testing the 

fundamental 

principles of the 

gravitational 

interaction

Testing the 

nature of 

compact objects 

& horizon-scale 

physics 

Searches for 

dark-matter 

candidates & 

new fields

Exploring fundamental physics with Einstein Telescope



Constraining tidal deformability at higher masses

➢ Inject zero tidal deformability.

➢ Increasing the mass further constraints the 

uncertainty on Λ.

➢ Constrain environments (De Luca+, 2025).

ET Bluebook, chapter 1 (Fundamental Physics division).

Dupletsa+, 2022
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Scientific goals of Einstein Telescope

Dramatic improvement in sensitivity at low 

frequency (few Hz – 10Hz): 

➢ Cosmology (high-z sources), 

➢ Intermediate-mass BHs, 

➢ Multimessenger (early warnings), 

➢ Tests of gravity & early universe

➢ … and much more!
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Sensitivity 

increases of a 

factor 10 wrt LVK.



Putative detections of subsolar objects

➢ Candidate neutron star object identyfied as HESS J1731–347 

observed with mass [Doroshenko+, 2022].

➢ Subsolar mergers (SSM) searches have been performed thought the 

years, finding no conclusive evidences, yet ;) [LVK, 2018; LVK, 

2019; LVK, 2022; Nitz-Wang, 2021; LVK, 2026].

➢ SSM-like trigger (denoted as SSM200308) detected during O3 was 

recently reanalyzed [Prunier+, 2023] under the assumption that it 

was a binary of PBHs.

Prunier+, 2023
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Introduction on Primordial Black Holes

➢ Primordial Black Holes (PBHs) are black 

holes formed in the early Universe, after 

the inflation era.

➢ They behave like cold and collisionless

fluids, thus optimal candidates for Dark 

Matter.

➢ Depending on the mass, we can use a 

different experiment to search them.

Density

perturbations δ

Horizon

δ>δc

Collapse of sizable Gaussian overdensities in the 

radiation-dominated early Universe (Carr+ 2021).
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Flowchart for PBH identification

Franciolini-Cotesta+, 2021
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Waveform modelling of SSM binaries

➢ We will observe only the inspiral part of the signal, described by the TaylorF2 waveform

[Damour+, 2000].

Amplitude: 

scales as the inverse of 

distance

Tapering smoothing: keeps

into account possible tidal

disruption
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Tidal deformabilities for boson stars

➢ Assume for instance boson stars (BSs) with quartic potential [Pacilio+, 2020]:

➢ Invert relation to find:

➢ In this model, BSs exist for m/mB < 0.06, which gives Λ>289.

➢ Λ can span many orders of magnitude as the mass deviates from its maximum value (e.g., Λ ≈ 1.7×106 for 

m/mB = 0.02).

➢ An upper bound on Λ can rule out some models!
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Do we really exclude PBHs if Λ≠0?

➢ Having Λ≠0 may not exclude PBHs at all.

➢ If a PBH presents an astrophysical

environment, tidal deformabilities will be 

different from zero.

➢ Distinguish between BPBHs with 

environment and ‘naked’ PBHs [De Luca, 

Franciolini, Riotto, 2024].
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Nuclear physics implications of a SSM detection

If the SSM objects are identified as light NSs/SQM 

stars:

➢ Large tidals can be exploited to constrain the NS 

EoS.

➢ Bayesian inference analysis performed by 

injecting/recovering models A and B, where:

➢ Compare the hypotheses A and B with Bayes 

factors.

FC-Franciolini-Pani-Vaglio, 2024
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Nuclear physics implications of a SSM detection

If the SSM objects are identified as light NSs/SQM stars:

➢ Large tidals can be exploited to constrain the NS EoS.

➢ (m,Λ) can be translated in (m,R) diagram.

FC-Franciolini-Pani-Vaglio, 2408.14287
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Number of detected events in ET – impact of different designs

Franciolini+, 2023
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Do we really exclude BPBHs if Λ=0?

De Luca+. 2024
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Cosmology implications of a SSM detection

If an SSM PBH binary is detected:

➢ infer the corresponding PBH abundance (controls the merger 

rate of SSM objects)

➢ need at least fPBH ≳ O(10−2 ) to explain such a SSM event 

(upper bounds on GWTC-3).
Franciolini-Pani-Musco-Urbano, 2022
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SNR trends with different designs

Crescimbeni+, in preparation
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