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Latest Updates
• In June 2021, the European Strategy Forum on Research Infrastructures (ESFRI) decided to 

include the Einstein Telescope (ET) in the update of its roadmap for 2021. 

• In June 2022 formal establishment of ET collaboration (today ~ 1400 members)

• On 25 January  2024 LISA has been adopted by ESA and construction will start in January 2025

• In June 2023 Italian government present the Italian candidacy to host the Einstein Telescope

Virgo-PI workshop - May 22, 2024 G Losurdo 2

Link to article

A Maleknejad, F Rompineve

• On 25 March 2024 ASI presented the LISA mission to the scientific community 
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Image credit: LIGO / Virgo / KAGRA / C. Knox / H. Middleton
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The third observing run (B) from April 2019 
to March 2020 

Total number of gravitational waves observed to date 
(with probability of astrophysical origin > 0.5): ~ 90

GWTC-3 catalogue: arXiv:2111.03606

The fourth run O4b+c has started in April 
with Virgo online   
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Where we are - LVK

(mostly BBHs, 2 BNS and 2 NS-BH)

 GW Cosmology with ET

The run O4a May 2023 - January 2024

Introduzione
I primi tre run osservativi
Il quarto run osservativo
Prospettive e Conclusioni

O4a
O4b+c

O4: risultati preliminari

19 Marzo 2025: rivelazione del segnale
n. 200 in O4!

(Loading Video...)

Crediti: Milde International Science Communication & Steven
Penn/AEI/LVK/EGO
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Antoniadis et al. [2306.16214]

Reardon et al. [2306.16215]

Xu et al. [2306.16216]

Agazie et al. [2306.16213]

NANOGrav:  
68 pulsars, 16yr of data 
~3-4  significanceσ

EPTA + InPTA: 
25 pulsars, 24yr of data 
~3  significanceσ

PPTA:  
32 pulsars, 18yr of data 
~2  significanceσ

CPTA:  
57 pulsars, 3yr of data 
~4.6  significanceσ
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NANOGRav: 
68 pulsars, 16 yrs of data

PPTA: 
32 pulsars, 18 yrs of data

EPTA+InPTA: 
25 pulsars, 24 yrs of data

CPTA: 
57 pulsars, 3 yrs of data
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⇠ 3� significance
<latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit>

⇠ 4.6� significance
<latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit>

Bayesian reconstruction of normalized inter-pulsar correlations
Violins plot =  marginal posterior densities (plus median and 68% credible values)

Where we are - PTA

A. Ricciardone

First Claim of Detection of a SGWB
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What are the plans for the LVK runs?

5

We are here

A. Ricciardone 5

VIRGO UPGRADES AND OBSERVING RUNS

2

Advanced Virgo
configuration(s)

AdV+
Phase I

AdV+
Phase II

Virgo_nEXT 
concept

Virgo
• Stato

• In partenza oggi il run scientifico O4b
• recuperata la sensibilità di Virgo in O3  
• significativo aumento di sensibilità del network LVK rispetto 

ad O3 (LIGO)
• rate di eventi da 1/settimana a 2÷3/settimana
• frequency-dependent squeezing (commissionato ma non 

implementato in Virgo, in quanto non necessario a potenza 
laser ridotta)

• Prospettive
• Aggiornamento piani per AdV+ fase 2

• cambio del layout ottico (cavità stabili)
• Sostituzione masse di test per perdite ottiche e meccaniche

• R&D sui coating per rumore termico
• Panorama internazionale

• LIGO ha una sensibilità maggiore (~2.5x)
• KAGRA (JP) in arrivo durante O4 con sensibilità 

marginale (R&D di tecnologie per 3G)
• LIGO India in costruzione

10/04/24 F. Sorrentino CSN2 - esperimenti sulla gravità 13

30/04/2025

3G

 GW Cosmology with ET

Introduzione
I primi tre run osservativi
Il quarto run osservativo
Prospettive e Conclusioni

Multi-messenger facilities in the next years

Image credit: G. Losurdo
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Rock in a pond

What are Gravitational Waves?

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

 GW Cosmology with ET



6A. Ricciardone

Rock in a pond Merging COs in our universe

What are Gravitational Waves?

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

 GW Cosmology with ET



6A. Ricciardone

Rock in a pond Merging COs in our universe

What are Gravitational Waves?

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

 GW Cosmology with ET



A. Ricciardone CSN2 7 GW Cosmology with ET



A. Ricciardone CSN2 7 GW Cosmology with ET



A. Ricciardone CSN2 7 GW Cosmology with ET



“Indirect” vs Direct GW detection

Polarization of CMB photons 
through Thomson scattering

of electron and photon

Only Tensor perturbations 
can source B-mode

Poor and contaminated signal:

- foregrounds

- gravitational lensing (E->B at small scales)

Distortion of space as GW 
passes detector arms

- ground-based 

- space-based 

- pulsar timing arrays 
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Sources of Gravitational Waves

Gravitational wave production in the early Universe Valerie Domcke (DESY, Hamburg)

Sources of GWs

 5

transcendent signals:  merger of compact objects 

(black holes, neutron stares,  
  white dwarfs, …)

stationary  signals:  sum of unresolved transcendent  
sources 

cosmological stochastic background

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-3

In the following: focus on stationary signals

Resolved Sources: - Black Holes  

- Neutron Stars 

- White Dwarfs 

- Supernovae 

-…  

Unresolved Sources: Stochastic Backgrounds

Cosmological

Astrophysical

the superposition of sources that cannot be resolved individually

• binaries too numerous and with too low SNR to be individually resolved 

• signals from the primordial universe typically with too small correlation 
scale (about horizon at the time of production) with respect to the detector 
resolution

Adams and Cornish, 1307.4116

Stochastic gravitational wave background
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The Gravitational Wave Spectrum

 GW Cosmology with ET



10
A. Ricciardone 10

The Gravitational Wave Spectrum
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What we have learned about Cosmology so far?

- The speed of GWs is the same as the speed of light

- We obtained the first measurement of the Hubble constant using GWs

- We have tested and bounded deviations from GR (e.g., graviton mass, post-Newtonian 
coefficients, modified dispersion relations, etc.) 

- We have ruled out many Modified Gravity models used to describe the present 
acceleration of our Universe 

2

• GW170817 rules out the covariant Galileon, a cos-
mologically viable DE model with ⇤ = 0 (Sec. IV).
The results can be extended to quartic and quin-
tic Horndeski, most theories beyond Horndeski and
many vector theories like TeVeS (Sec. VI).

• Only simple Horndeski and some select beyond
Horndeski combinations remain as viable alterna-
tives for DE model building (Sec. V, App. C).
Fine-tuned theories can realistically avoid the con-
straints only if the cancellations have the same ten-
sor structure at the covariant level (App. B).

II. GW170817 AND ITS COUNTERPARTS

On August 17, 2017 the LIGO-VIRGO collaboration
detected the first BNS merger, GW170817 [1]. This event
was followed-up by a short gamma ray burst (sGRB),
GRB170817A, seen just 1.74 ± 0.05s later by Fermi and
the International Gamma-Ray Astrophysics Laboratory
[2]. Subsequent observations across the electromagnetic
spectrum further confirmed the discovery [3].

Each of these events provide complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, dL = 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Note however that these parameters of the
binary are subject to the fiducial cosmology (chosen to
be Planck 2015 ⇤CDM [9]). Additional gravitational de-
grees of freedom modifying the GWs propagation may
a↵ect these values as we discuss in the next section and
in Appendix A.

Combining this information and given the knowledge
of the arrival time of both the GW and sGRB, a severe
bound on the speed of GWs can be placed [2]

�3 · 10�15
 cg/c� 1  6 · 10�16

, (1)

which is many orders of magnitude more stringent than
the one measured on Earth with GWs detections alone
[25]. For simplicity, we will use a symmetric bound
|cg/c � 1|  4.5 · 10�16 in the rest of the paper. We
will benefit from this result to strongly constrain dark
energy models.

III. GRAVITATIONAL WAVE PROPAGATION
IN SCALAR-TENSOR GRAVITY

E↵ects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵M )Hḣij + (1 + ↵T )k
2
hij = 0 , (2)

is fully characterized by two functions of time:

t

r��))
�

}�t

g
µ⌫
qµq⌫ = 0

G
µ⌫
kµk⌫ = 0

FIG. 1: Anomalous GW speed. Gravitational waves propa-
gate on an e↵ective metric Gµ⌫ (blue) with a di↵erent causal
structure than the physical metric gµ⌫ (red) [29] (see also

[30]). The speed is derived as cg(~k) = !(~k)/|~k| where

kµ = (!,~k) is the solution to Gµ⌫kµk⌫ = 0. Note that the
speed can depend on the propagation direction. It may also
depend on the frequency (e.g. massive gravity), but this is
not the case for scalar-tensor gravity (see Eq. (2)).

• The tensor speed excess, ↵T , modifies the propa-
gation speed of GWs c

2
g
= 1 + ↵T and hence the

causal structure for this type of signal.

• The running of the e↵ective Planck mass, ↵M ⌘

d log(M2
⇤ )/d log(a), modulates the friction term

caused by the universe’s expansion, which can en-
hance or suppress the cosmological damping of the
signal.

The above relation is general enough to describe any
scalar-tensor theory.1 These functions depend on the
theory parameters and the cosmological dynamics of the
scalar field. The explicit expressions are given for Horn-
deski gravity in ref. [26], and beyond Horndeski for
GLPV in ref. [27] and Degenerate Higher-Order Scalar-
Tensor theories in ref. [28].
The appearance of an anomalous speed, ↵T 6= 0, can be

understood in terms of an e↵ective geometry for the ten-
sor perturbations, with a di↵erent causal structure than
the metric field g

µ⌫ [29] (see Fig. 1). The metric asso-
ciated to this e↵ective geometry G

µ⌫ can be computed

1 Any interaction between the scalar and tensor perturbation re-
quires a background operator with a transverse-traceless tensor
structure, which is not compatible with the symmetries of the
FRW spacetime. A mass termm2

ghij is only possible if the theory
contains additional degrees of freedom, as is the case of massive
gravity and bigravity (recall a massive graviton has 2s + 1 = 5
helicity states, of which only one behaves as a scalar in the high
energy limit).

New era of Gravitational Wave Astronomy - Cosmology

[Adapted Hubble 1929]

[Nature 551, 85 (2017)]

H0 = 70.0+12.0
�8.0 km s�1Mpc�1 Precision GW cosmology 

within next decade!

[SN 2014]

G.A.Prodi, CSN2, Lecce, 2023 16

first 5 years: investigating gravity
Testing General Relativity 
LVK arxiv:2112.06861
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Where is the horizon?
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Prospects for next Generation GW Interferometers

Geometry: Constellation of 3 spacecraft in an 
equilateral configuration (a giant interferometer) 

Mission duration: 4 y science mission
                            10 y nominal mission 

Arm Length:        2.5 million km 

Expected Launch: 2034

Geometry:  Ground-based Triangular        
detector (HF+LF)

Arm Length: 10 km 

Expected to be operative in: 2034

ET collaboration officially launched

+ CE, DECIGO, BBO, Taiji, TianQin, etc 

A. Ricciardone 14

AdV -> Virgo-nEXT

New PTA data

 GW Cosmology with ET



Einstein Telescope
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A. Ricciardone 15
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•  single site located 200-300 meters underground in order to 
significantly reduce seismic noise; 

•   triangular shape, consisting of three nested detectors 

• providing redundancy  

• resolving the GW polarizations and a null stream 

•  ‘xylophone’ configuration: each detector consists of two 
interferometers 

•  ○  one tuned toward high frequencies (HF), and using 
high laser power  

•  ○  one tuned toward low-frequency (LF), working at 
cryogenic temperatures and low laser power  

 

The current design of ET: 
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Einstein Telescope - possible designs

16
A. Ricciardone 16

In the last years, proposals for different designs were 
made as they may bring scientific advantages with 
respect to the baseline design. 
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ET site(s)

• Currently there are two sites, in 
Europe, candidate to host ET:
• The Sardinia site, close to the Sos

Enattos mine
• The EU Regio Rhine-Meusse site, 

close to the NL-B-D border
• A third option in Saxony 

(Germany) is under discussion, 
but  still too preliminary to be a 
candidate

14

•197 pages

•75 authors

•More on the ET Blue Book (ArXiv: 2503.12263)
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Early Universe Cosmology with 
Gravitational Waves



Cosmological Sources

Cosmic Strings

Inflation

Scalar Induced GWs

Phase transitions

A. Ricciardone 18

Probing the Early Universe

Stochastic (i.e., persistent, incoherent) GWB of cosmological origin: probe of the early Universe 
at energy scales above the ones achievable at current particle colliders

 GW Cosmology with ET



Inflation and Primordial GWs

19
A. Ricciardone 19

GW are represented by tensor perturbation  of the FLRW metrichij

ds2 = �dt2 + a2(t)(�ij + hij)dx
idxj

- Period of accelerated (exponential) expansion driven by a scalar field 
(inflaton) that rolls down on its flat potential

Stretches the microphysics scales to super-horizon sizes

Generation of TENSOR and scalar perturbations

Solve Standard Big-Bang shortcomings

3

Introduction: Gravitational Waves 
In GR, the relationship between spacetime and mass/energy is described by Einstein Field Equations:

linearized theory 
(not always valid) wave equation for the 

perturbative metric term

In vacuum (Tμ𝜈=0) and solving the D'Alembertian operator eq (+ imposing TT gauge):

(perpendicular) wave 
propagation

I. Introduction

two polarizations:

source informations stored in 
amplitude and frequency

spacetime geometry mass/energy

flat perturbation

10-15 10-10 10-5 1 105
10-18

10-16

10-14

10-12

10-10

10-8

f [Hz]

h2
Ω
G
W
(f)

SGWB Energy Density vs Detector PLS

Vacuum GW

LISA

Einstein Telescope

LIGO Design

NANOGrav

SKA

DECIGO

Planck

LITEBird

LISA/ET       Possibility to test regions for which we have poor information
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INFLATIONARY MODELS PRODUCING THE SIGNAL
Axion inflation: 

Broken space diffeomorphisms: 
 

Barnaby & Peloso 1011.1500, Sorbo 1101.1525

Ricciardone & Tasinato 1611.04516, 1711.02635, Fujita 
et al 1808.02381
The breaking of space diffeomorphisms can give rise to 
a massive graviton during the inflationary epoch which 
tilts the SGWB spectrum towards the blue 

The inflaton is an axion coupled to a gauge field through 
an axial interaction. The rolling axion strongly amplifies 
the gauge field, which in turn produces a strong SGWB. 

Model dependent 

⇠ ⌘ '̇

2fH

[Barnaby & Peloso 1011.1500] 
[Sorbo 1101.1525]

The rolling axion strongly amplifies
the gauge field, which in turn 
produces a strong SGWB.

Inflationary models producing such a signal

A. Ricciardone 20

Presence of other fields (e.g. axions) in the Early Universe

Testing fundamental physics (e.g. axion decay constant ) -
related to high energy physics 
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GWs - Primordial Black Holes and Dark Matter

PBHs formation

Inflation RD/MD

Horizon

Early universe

⇣
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Scales

Reheating
Time

�PBH
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“Big bang”

RH = 1/H
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PBHs

see review: Sasaki, Suyama, Tanaka, Yokoyama [1801.05235]

  CERN Th. cosmo coffe, Gabriele Franciolini

MPBH t MH = ⇢(⌘H)
4⇡

3
R3

H
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  CERN Th. cosmo coffee, Gabriele Franciolini      LISA Serendipity, Gabriele Franciolini

h00
ij + 2Hh0

ij �r2hij = O(@i⇣@j⇣)
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Large scalar perturbations source gravitational waves at
2nd order in perturbation theory when they re-enter the

horizon during radiation era
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Large scalar perturbations at pc scale (re-entered 15 – 20 e-fold after CMB)  

→ GWs at PTA scales and PBHs around ~ solar mass 
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Phase Transition in the Early Universe

A. Ricciardone 23

- Bubble collisions

- MHD Turbulence

- Sound Waves

Processes 

As the temperature in the very early universe decreases, there can be 
several PTs: QCD, EW....Beyond Standard Model?  

If the PT is first order, the SGWB signal could be detectable by LISA

[Caprini C., et al ’16, ’19- LISA CosWG paper]
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What we can learn from Phase Transition?

• ET could act as a probe of  Beyond Standard Model physics, complementary to colliders 

where �V (T ) is the energy di↵erence between the two coexisting minima, and ⇢r denotes

the radiation energy density of the Universe. The inverse duration of the transition can be

computed using the action of the solution

�

H⇤
⌘ T⇤

d

dT

✓
S3(T )

T

◆����
T=T⇤

, (6.5)

and related to the average bubble size via Eq. (2.11). Using the methods described in

Refs. [156–160] we verify all the points of interest feature highly relativistic walls ⇠w ⇡ 1.

In this case the e�ciency factor reads [88]

 =
↵

0.73 + 0.083
p
↵+ ↵

, (6.6)

and with it, we have all the thermodynamic parameters needed to compute the SGWB

spectrum from bubble collisions and highly relativistic fluid shells (see Sec. 2.1) as well as

from sound waves (see Sec. 2.2.1).

We apply this procedure to two illustrative models, namely the SM supplemented with

a neutral singlet, and the classically conformal U(1)B�L extension of the SM. The former

model is arguably the simplest SM extension allowing a strong first-order electroweak

transition, while the latter is one of the minimal extensions featuring a wide parameter

region with a very supercooled PT. Both extensions have few free parameters, making the

scan of their whole parameter space feasible.

6.1 Gauge singlet extension with Z2 symmetry

One of the simplest extensions of the SM giving rise to PTs is that of an extra scalar singlet

under the SM gauge group endowed with a Z2 symmetry [158, 160–173]. The tree-level

potential in this model is written as

Vtree(�, s) = �µ2
h
�†�+ �(�†�)2 + µ2

s

s2

2
+

�s

4
s4 +

�hs

2
s2�†�, (6.7)

where � = (G+, (h + iG0)/
p
2)T is the SM Higgs doublet while s is the singlet field. We

consider a two-step transition where the singlet gets a non-zero vacuum expectation value

at high temperature before the electroweak transition, and require that the global T = 0

minimum of the potential lies at the electroweak vacuum (h, s) = (v, 0) with v = 246GeV.

As usual, the minimisation conditions allow us to relate � = µ2
h
/v2, µ2

h
= m2

h
/2, and

µ2
s = m2

s � �hsv2/2, where mh and ms are the masses of the Higgs boson and the scalar

singlet. The model is therefore described by the singlet mass ms and the quartic couplings

�s and �hs.

For a given value of singlet quartic coupling �s, the parameter space consistent with

a first-order PT has a banana shape in the plane of ms–�hs, such that larger �hs values

are required for larger values of ms. This shape arises from the requirements that the

electroweak vacuum is the global minimum of the potential at T = 0, which gives an upper

bound on �hs, and that the singlet gets a non-zero vacuum expectation value before the

electroweak transition, which gives a lower bound on �hs [170]. The strength of the tran-

sition is controlled only by the Higgs-portal coupling and larger �hs values yield stronger

– 34 –

Simplest extensions of the SM 

λhs Singlet coupling 

ms Singlet mass 

• ET could act as a probe of  Beyond Standard Model physics, 
complementary to colliders 

• In some BSM scenarios possible joint detection at ET and LHC/FCC 

A. Ricciardone 24
ET Blue book 2503.12263 (PT)
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Where is the horizon for 3G detectors?
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From 2G to 3G detectors: ET and LISA
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Probing the Late Universe with ET

Many Golden Events

Forecasting the detection capabilities of third–generation GW detectors using GWFAST 25
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Figure 10. Redshift distributions of the BBHs observed at ET alone in 1 yr, selected on the basis of di↵erent thresholds
for the SNR (left panel), or setting SNR � 12 and applying further cuts on �dL/dL (central panel), or on �⌦90% (right
panel). The black solid line corresponds to the total BBH population in the astrophysical model that we have assumed. We
set R0,BBH = 17Gpc�3 yr�1, and show the results for the detections in one year (taking into account our assumptions of the
duty cycle). In each column, the upper panel shows the number of events per redshift bin, while the lower panel shows the
corresponding cumulative distributions, normalized to the number of BBH events in our sample, NBBH = 7.5⇥ 104.

Figure 11. As in Fig. 10, for ET+2CE.
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for the SNR (left panel), or setting SNR � 12 and applying further cuts on �dL/dL (central panel), or on �⌦90% (right
panel). The black solid line corresponds to the total BBH population in the astrophysical model that we have assumed. We
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Figure 11. As in Fig. 10, for ET+2CE.
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Figure 15. Redshift distributions of the BNSs observed at ET alone, selected on the basis of di↵erent thresholds for the
SNR (left panel), or setting SNR � 12 and applying further cuts on �dL/dL (central panel), or on �⌦90% (right panel).
The black solid line corresponds to the total BNS population in the astrophysical model that we have assumed. We set
R0,BNS = 105.5Gpc�3 yr�1, and show the results for the detections in one year (taking into account our assumptions of the
duty cycle). Given the uncertainly on R0,BNS, which currently can be in the range (10� 1700) Gpc�3 yr�1, one should keep in
mind that the absolute number can still change by a factor O(10) or more. In each column, the upper panel shows the number
of events per redshift bin, while the lower panel shows the corresponding cumulative distributions, normalized to the number of
BNS events in our sample, NBNS = 105.

reach for the best localized BBHs, as we saw in Fig. 9. However, it is important to notice that, for multi–messenger
observations of BNSs and for the identification and follow–up of the associated kilonova, already the angular resolution
of a single ET detector can be adequate. For instance, to understand the nucleosynthesis spectra of the kilonova, for
sources up to z ' 0.3�0.4 the best instrument is the Extremely Large Telescope (ELT),25. However, a direct pointing
with ELT would require arcsec localization, which is anyhow out of question for GW detectors. The actual, strategy
for sources at these moderate redshifts, is rather to use telescopes with large field–of–view (FOV): these instruments,
with a localization of the GW events of the order of tens to hundreds of square degrees, can indeed localize the source.
Notice that such a GW resolution can be given already by ET alone. In particular, the Vera Rubin Observatory’s
LSST (Ivezić et al. 2019) has a FOV of 9.6 deg2 and can observe kilonovae up to z ⇠ 0.1 (with 5% of the kilonovae
observable up to z ' 0.4) and several other instruments, such as ULTRASAT (Sagiv et al. 2014), can reach z ' 0.1;
the Nancy Roman Space Telescope (formerly WFIRST) (Spergel et al. 2015) has the highest reach, being able to
observe 50% of the kilonovae up to z ⇠ 0.2 � 0.3, with 5% of the kilonovae observable up to z ' 1, although its
FOV, 0.28 deg2, is not as large, so it requires sub–degree localization, or an earlier localization by instruments with a
larger FOV (see Cowperthwaite et al. (2019); Chase et al. (2022); Ronchini et al. (2022) for recent discussions). Once
localized the kilonova with these large FOV instruments, telescopes such as the ELT can perform a more detailed
follow–up of the source. For BNSs at larger redshifts, the identification of the electromagnetic counterpart can only be
made by X/�–ray satellites with large FOV; a sky localization of order 100 deg2, as can be provided by ET alone, is
about 1/10 of the typical FOV of wide–field X–ray telescope, which in general is larger than 1 sr, so such a localization
can already provide su�cient information for the search and localization of the �– or X–ray counterpart; then, the
X/�–ray satellites can provide the arcmin localization needed to drive the ground–based follow–up (Ronchini et al.

25 https://elt.eso.org. planned to start observations in 2027, and that could still be operational by the time of 3G GW detectors (Spyromilio
et al. 2008; Rossi et al. 2020)
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Figure 10. Redshift distributions of the BBHs observed at ET alone in 1 yr, selected on the basis of di↵erent thresholds
for the SNR (left panel), or setting SNR � 12 and applying further cuts on �dL/dL (central panel), or on �⌦90% (right
panel). The black solid line corresponds to the total BBH population in the astrophysical model that we have assumed. We
set R0,BBH = 17Gpc�3 yr�1, and show the results for the detections in one year (taking into account our assumptions of the
duty cycle). In each column, the upper panel shows the number of events per redshift bin, while the lower panel shows the
corresponding cumulative distributions, normalized to the number of BBH events in our sample, NBBH = 7.5⇥ 104.

Figure 11. As in Fig. 10, for ET+2CE.
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set R0,BBH = 17Gpc�3 yr�1, and show the results for the detections in one year (taking into account our assumptions of the
duty cycle). In each column, the upper panel shows the number of events per redshift bin, while the lower panel shows the
corresponding cumulative distributions, normalized to the number of BBH events in our sample, NBBH = 7.5⇥ 104.
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panel). The black solid line corresponds to the total BBH population in the astrophysical model that we have assumed. We
set R0,BBH = 17Gpc�3 yr�1, and show the results for the detections in one year (taking into account our assumptions of the
duty cycle). In each column, the upper panel shows the number of events per redshift bin, while the lower panel shows the
corresponding cumulative distributions, normalized to the number of BBH events in our sample, NBBH = 7.5⇥ 104.

Figure 11. As in Fig. 10, for ET+2CE.
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Using GWs as Standard Sirens

Cosmology via the distance-redshift relation
... but no redshift measurement with GW data alone 

(Degeneracy with masses)

• For low redshift,            , the relationship reduces simply to the Hubble law:

c z = H0 ⇥ dL

Hubble constant
redshift

Luminosity distance

• three quantities: pick any two and infer the third. 

• With standard sirens:  
 
          from GW measurements;  
 
          from, e.g. electromagnetic measurements (if have an optical counterpart, and  
          know the host galaxy, can determine z).   
 
=> independent measure of 

dL

z

H0

z ⌧ 1

1) Not trivial as galaxies are moving wrt Hubble flow: need to take into account bulk flows, virial velocities, …
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Using GWs as Standard Sirens - Redshift Information

Bright Sirens

An EM counterpart is 

observed and used to 
obtain the host galaxy 
redshift. 

No EM counterpart 
observed. Galaxy 
surveys are used to 
provide redshift 
estimates for potential 
host galaxies. 

Dark Sirens

Cosmology with Gravitational Waves – REDSHIFT INFORMATION

Abbott et al. (2017)

o EM counterpart: only 1/90 so far, challenging at higher z
(Holz & Hughes 2005; Nissanke+2010, ...)

Cosmology with Gravitational Waves – REDSHIFT INFORMATION

o Catalog of galaxies as potential hosts
(Schutz 1986, Del Pozzo 2012, Fishbach et al. 2019, Gray et al. 
2020, Palmese et al. 2020, Finke et al. 2021, Gair et al. 2022, ...)

H0

o EM counterpart: only 1/90 so far, challenging at higher z
(Holz & Hughes 2005; Nissanke+2010, ...)

No EM counterpart 
or galaxy survey is 
used. Features in the 
mass distribution 
of the GW population 
break the mass-
redshift degeneracy. 

Spectral sirens

Cosmology with Gravitational Waves – REDSHIFT INFORMATION

o Catalog of galaxies as potential hosts
(Schutz 1986, Del Pozzo 2012, Fishbach et al. 2019, Gray et al. 
2020, Palmese et al. 2020, Finke et al. 2021, Gair et al. 2022, ...)

o EM counterpart: only 1/90 so far, challenging at higher z
(Holz & Hughes 2005; Nissanke+2010, ...)

o Constraints on the GW population properties
(e.g., mass distribution, redshift evolution, ...)
(Chernoff & Finn 1993; Taylor et al. 2012; Farr et al. 2019, 
Mastrogiovanni et al. 2021, Mancarella et al. 2021, ...)

From Matteo Schulz
Master Thesis @ UNIBO

(Holz & Hughes 2005) (Schutz 1986, Del Pozzo 2012) (Chernoff & Finn 1993)
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In the Realm of the Hubble tension � a Review of Solutions 10

Figure 1. Whisker plot with 68% CL constraints of the Hubble constant H0 through
direct and indirect measurements by di↵erent astronomical missions and groups
performed over the years. The cyan vertical band corresponds to the H0 value from
SH0ES Team [2] (R20, H0 = 73.2 ± 1.3 km s�1 Mpc�1 at 68% CL) and the light pink
vertical band corresponds to the H0 value as reported by Planck 2018 team [11] within
a ⇤CDM scenario. A sample code for producing similar figures with any choice of the

data is made publicly available online at github.com/lucavisinelli/H0TensionRealm.

How have been measuring the Universe expansion so far?

4

Direct (Standard Candles) Indirect 

● Cosmic Microwave Background temperature 
fluctuations, Baryonic nucleosynthesis

● Issues: Cosmic variance (a single Universe)

● Cepheids, Supernovae Type IA, Active 
Galactic nuclei, Kilonovae (?) and short 
Gamma-ray Burst

● Issues: Requires complex astrophysical 
calibration

C. Tasillo & S. Mastrogiovanni          JENAS Initiative: WG 4 GW & Cosmology overview                           14/02/2024
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 - where we are: after GWTC-3 with Dark Sirens 
H0

K-band for the luminosities of galaxies 
and the preferred mass model (Power 
Law+Gaussian peak) 

[GWCT3 - LVK+, ApJ 949 76 (2023)] 

Main result of the paper showing various 
H0 posteriors.

We select the K-band for the luminosities 
of galaxies and the preferred mass model 
(powerlaw+Gaussian peak) 

H
0

 = 68 +8 -6 
km/s/Mpc

H0 = 67 +14 -13 
km/s/Mpc

H0 = 67 +13 -12 
km/s/Mpc

H
0

 = 70 +12 -8 
km/s/Mpc

GW cosmology after GWTC-3: Dark sirens

11

[LVK+, ApJ 949 76 (2023)]

C. Tasillo & S. Mastrogiovanni          JENAS Initiative: WG 4 GW & Cosmology overview                           14/02/2024

GW cosmology is entering in the 
systematics era  
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~ 5 \sigma tension between low and high redshift measurements of the Hubble parameter 
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 - where we will be with ET? DARK SIRENS methodH0
14
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FIG. 6. Posterior distributions (68% and 90% credible re-
gions) in the h�⌦m plane for 1 year of observation, from the
analysis of a representative realization of the localization er-
ror volumes, as described in Sec. VIA (fiducial scenario, full
duty cycle). In each panel, the cyan dotted lines represent
the fiducial cosmology.

strain h at the 1.1% with N = 207 BBHs. A slight im-
provement is observed with the network ET+CE1+CE2,
where N = 278 dark sirens can produce a measure of h
at the 0.8% level. These numbers suggest that if we want
to reach a ⇠1% precision on the measure of h, we need
to consider at least a network made of two 3G detectors.
Adding a third detector to the network may allow us to
reach a subpercent precision. This level of precision on
H0 would allow us to solve the Hubble tension within
one full year of 3G observations, assuming the tension
persists until the 3G era.

The situation for ⌦m is di↵erent. A network of at least
two detectors allows us to reach a 14.4% precision, which,
in the optimistic scenario of the network ET+CE1+CE2,
could go down to a 10%-level measure.

Our fiducial results are slightly better than the ones
recently reported in [76]. In there a dark sirens analy-
sis similar to ours has been considered for the ET+CE1
scenario only, with average forecast constraints reaching
⇠1% for H0 and ⇠20% for ⌦m (at 68% CI) with 300
BBHs. This discrepancy can be attributed to the di↵er-
ent settings of the simulations. For example, contrary to
our setup, in [76] higher GW modes in the GW signal
are not included. Given their importance in obtaining
accurate sky localization volumes, thanks to their role
in breaking degeneracies between GW waveform parame-
ters, this may explain the slightly more optimistic results
obtained in our analysis.

B. Higher SNRnet thresholds at z < 1

In Fig. 7 we show how our forecasts change as a func-
tion of increasing SNRnet threshold values, in order to
characterize the importance of the loudest observed dark
sirens for cosmological inference. We choose some rep-
resentative threshold values of SNRnet = 600, 500, 400
and repeat the cosmological analysis for each respective
dataset of the same realization. Starting from the highest
SNRnet threshold, in the case SNRnet > 600, the network
ET+CE1 (N = 31) and ET+CE1+CE2 (N = 39) lead
to 1.9% and 1.5% constraints on h, respectively. These
results are only slightly worse than those obtained in
the case SNRnet > 500, while ⌦m is constrained at the
34.7% (ET+CE1) and 22.4% (ET+CE1+CE2). Includ-
ing events at SNRnet > 500 and SNRnet > 400, we in-
crease the number of events (see Fig. 7) and, as expected,
we get better constraints for both ⇤CDM parameters.
The shrinkage evolution of the marginalised posteriors
is evident from Fig. 7, where we report the number N

of events passing the SNRnet threshold and the preci-
sion for each case. As for the fiducial scenario, here we
also report results from the realization that gives the me-
dian precision on h. Overall, we can see how results for
h are less dependent on the number of events with re-
spect to ⌦m. This can be explained by the fact that the
measurement of h mainly depends on the observation of
nearby events, which are mostly characterized by high
SNRnet. Constraints on ⌦m are instead more dependent
on mid-high redshift dark sirens, therefore the inclusion
of lower-SNRnet events has more impact. Our analysis
suggests that most of the cosmological predicting power
of 3G BBH dark sirens is contained in high SNR events;
yet, to find the most accurate forecasts one should include
also lower SNR events, eventually considering all events
above detection threshold. Such a complete analysis how-
ever is prohibitive with the computational resources at
our disposal. Our methods of inference need to be fur-
ther developed and optimized before such a study will be
possible, but nevertheless the approach considered here
is a good compromise that provides su�ciently accurate
forecast estimations at a relatively a↵ordable computa-
tional cost.

C. SNRnet > 300 at z < 1: Assuming ⌦m known

Here we repeat the analysis with the same dataset used
in our fiducial scenario assuming that we know ⌦m ex-
actly. This reduces our cosmological model from two to
only one parameter to infer. We perform this analysis
mainly to compare with other results in the literature,
but as a further motivation a scenario in which the Hub-
ble tension persists to the 3G era while ⌦m is measured
with high precision by EM observations is not excluded.
For ET+CE1 and ET+CE1+CE2, we find similar sub-
percent precision, around 0.3%, even if the latter network
observes more events. In fact, these events are mostly at

Expected cosmological constraints at the 68% (90%) CI for multiyear 3G observations estimated from the 1 year fiducial results 

• 1 year of observation

• Complete galaxy catalogue (generated 
using L-Galaxies running SAM on the 
Millennium simulation)

•  Full duty cycle

16

Network

N �h/h (%) �⌦m/⌦m (%)

z < 1 z < 3 z < 1
z < 1 z < 1

z < 3 z < 1
z < 1

z < 3
fixed ⌦m single-host single-host

ET+CE1 207 248 0.6 (1.1) 0.2 (0.4) 3.3-7.1 (5.6-11.2) 0.7 (1.1) 8.8 (14.4) - 8.8 (14.6)

ET+CE1+CE2 278 348 0.5 (0.8) 0.2 (0.3) 1.7-2.1 (2.7-3.3) 0.4 (0.7) 6.1 (10.0) - 5.3 (8.7)

TABLE III. For each network of detectors (column 1), we report the number N of dark sirens with SNRnet > 300 used
in Sec. VI for 1 year of full observation, assuming a galaxy catalog complete up to z < 1 and z < 3 (column 2-3). We report
68% (90%) CI for h and ⌦m (column 4-7 and 8-10) assuming SNRnet > 300 and: using a complete galaxy catalog up to z < 1,
inferring both parameters or assuming ⌦m known, analysing single-host dark sirens only, and using a complete galaxy catalog
up to z < 3. The quantities �h (�⌦m) and h (⌦m) are the mean half-width of the posterior distribution and the median,
respectively. We report a mean precision averaged over the six di↵erent realizations analyzed. For the single-host analysis
(columns 6 and 9) the average number of events were 1 (ET+CE1) and 5 (ET+CE1+CE2) (see Sec. VID).

D. SNRnet > 300 at z < 1: Single-host dark sirens
only

In case a dark siren has only one potential galaxy host
falling within the localization error volume, we may con-
sider them as “e↵ective bright sirens.” These “golden
sirens” are expected to be powerful probes of the cosmo-
logical parameters, since the redshift information comes
from a single galaxy. The only caveat is that such golden
sirens are not expected to be very numerous, since in gen-
eral they are characterized by having localization error
volumes small enough to contain just one galaxy. More-
over they are observed preferentially at low redshift since
on average the higher the distance to the source, the
larger its sky localization volume, and consequently the
less likely there is only one galaxy within. Nevertheless,
given their similarity with bright sirens, it is of interest to
understand how useful these golden events can be in the
inference of the cosmological parameters. In general, all
the realizations analyzed here have at least one golden
dark sirens (see the first bin on the x-axis of the right
plot in Fig. 5). In all the two network configurations, we
find that single-host dark sirens cannot constrain ⌦m.
This is not surprising given the low-redshift of these
golden events: z < 0.08 for ET+CE1, and z < 0.22 for
ET+CE1+CE2. Yet, these GW events can constrain the
Hubble constant h in all the two network configurations.
For the network ET+CE1, we have only N = 1 single-
host GW event, which therefore allows for constraints on
h at the level of 5.6%-11.2%, while ET+CE1+CE2 gives
better results than ET+CE1, with on average N = 5
observations and h constrained with a 2.7%-3.3% pre-
cision. We can now compare our results with the ones
reported by similar studies in the literature exploiting
golden sirens observed by a 3G network [62, 75]. Ref-
erence [75] in particular consider several populations of
BBH golden sirens and reports constraints on H0 that
can reach O(0.1%) at 68% CI or better within 2 years
of observations with ET+CE1+CE2 and only consider-
ing events at z < 0.1. If compared with the numbers
we report above, our results are more than one order
of magnitude worse than the one reported in [75]. This
is not surprising and may be due to several reasons, in

particular to the di↵erent assumptions that have been
employed in the two di↵erent studies which overall are
more optimistic in [75] than in our study. Among them,
we can cite the lack of redshift uncertainty, the linear
Hubble law is used with H0 as the only parameter to
be inferred and di↵erent BBH populations. Most impor-
tantly, however, the main motivation behind our di↵er-
ences lies in the number of single-host events employed in
the inference: our study suggests that the average rate of
single-host events in the ET+CE1 (ET+CE1+CE2) net-
work is 1 yr�1 (5 yr�1), while [75] reports 22 yr�1 in the
most sensitive network. We find this rate consistent with
the one we obtain once we repeat the error-box gener-
ation process without extending the redshift boundaries
in the last step (i.e., without priors on the cosmologi-
cal parameters), which corresponds on average to 26 yr�1

in ET+CE1+CE2. The more realistic simulations per-
formed here suggest that golden sirens from 3G detectors
will not be able to constrain H0 at the subpercent level,
but nonetheless reach an interesting O(1%) precision.

E. SNRnet > 300 at z < 3

As presented above, our fiducial scenario considers a
galaxy catalog complete at z < 1. This is a somehow
conservative scenario in which we can perform 3G cosmo-
logical analyses only with readily available all-sky galaxy
catalogs, which we assume will be complete up to z = 1
in the 3G era. Nevertheless in a more optimistic scenario
one could foresee that dedicated deep-field surveys will be
performed along the sky-localization cone of each BBH
detected with SNRnet > 300. As we have shown above
this SNRnet threshold yields at most a few hundreds BBH
detections per year, specifically with the ET+CE1+CE2
network. Providing a deep-field galaxy survey for each of
these events may seem unfeasible, but one must remem-
ber that the follow-up survey can be taken even years
after 3G detectors have obtained the GW data. This
means that, provided adequate EM telescope resources
will be available during or after the 3G detector era, such
a scenario can be considered realistic.
Importantly, we make the simplifying assumption that

Fiducial scenario 
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Posterior joint distribution on H0 and Ωm,0 
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Figure 2.23: Left panel: Posterior joint distribution on H0 and ⌦m,0 obtained by employing
BBHs as dark sirens and cross correlating the loudest GW event localization volumes with a
galaxy catalog. The contours, which refer the 68% and 90% confidence level, are shown for
two networks of 3G detectors assuming one year of continuous observations. Here ET is in
a 10 km-triangular configuration and CE1 and CE2 correspond to 40 km and 20 km Cosmic
Explorer, respectively. Figure from [1090]. Right panel: Dependence of the accuracy on H0

on the redshift error of the galaxy catalog.

estimations show that a faint sample of all types of galaxies having photometric information
in 6 bands would have a statistical photo-z error of �z ⇠ 0.05 (1 + z) per galaxy [1110].
Even assuming improved photometric redshift estimating techniques, the errors from these
measurements would be an important source of uncertainty for the dark siren results. As
demonstrated in [1054], the accuracy in redshift determination plays a crucial role in the
estimate of cosmological and astrophysical parameters, since already at O5 sensitivities the
accuracy on the determination of H0 can improve down to the percent level when a spec-
troscopic catalog is considered (see figure 2.23, right panel). Hence, a spectroscopic survey
would be crucial to maximising the potential of this method.

The galaxy database from the Vera Rubin Observatory, therefore, should be comple-
mented with other galaxy catalogues to provide spectroscopic full-sky coverage as deeply
as possible. From this point of view, several ongoing and planned galaxy surveys can be
exploited. Currently, the largest spectroscopic galaxy surveys that are taking data are the
Dark Energy Spectroscopic Instrument survey (DESI, from the ground, [1111]) and the ESA
mission Euclid (from space, [1112]). DESI is planned to observe order of 107 galaxies at
0 < z < 3.5 over ⇠ 14000 square degrees, at a depth of 24, 23.4, and 23 for AB magnitudes
g, r, and z, respectively; on the other hand, covering ⇠ 14000 square degrees, Euclid will
provide 1.5 billions photometric redshifts in the range 0 < z < 2 and order of 30 millions
spectroscopic redshifts at 0.84 < z < 1.88, down to a Euclid HE magnitude of 24. In the
meanwhile, future spectroscopic surveys are already being planned and, pushing significantly
deeper in redshift and completeness, they could constitute a fundamental resource to exploit
the dark sirens provided by ET; in this respect, the most promising ones are the Wide-Field

– 82 –

Borghi et al. 2024

H_0 accuracy dependence VS redshift error of the galaxy catalogue

• Loudest GW event localization 

• Halo mass resolution (2 × 10^10 M⊙) 

• Box size (685 Mpc) 

[D. Izquierdo-Villalba et al 2019]

Muttoni et al. 2023
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Using GWs to Constrain Dark Energy
If the Dark Energy equation of states evolves in time 

Einstein Telescope with 103 bright sirens 

At higher z, accessible only to 3G detectors or LISA, we access the 
redshift evolution of the dark energy density             

Several studies of forecasts for wDE at ET
Result: not a significant improvement on wDE compared with what 
we already know from  CMB+BAO+SNe

A potentially more interesting observable: 
modified GW propagation

pDE(z) = wDE(z)⇢DE(z) =) ⇢DE(z)
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redshifts accessible to ET, however, we can also test the DE equation of state,
and any deviation from the ⇤CDM value wDE = �1 would provide evidence
for a dynamical dark energy. In general, however, it is di�cult to extract from
the data a full function of redshift, such as wDE(z), and a parametrization in
terms of a small number of parameters is useful. For the DE equation of state
a standard choice is the (w0, wa) parametrization [193,194],

wDE(z) = w0 +
z

1 + z
wa . (14)

The evolution of the cosmological background can be tested both with stan-
dard electromagnetic cosmological probes, such as CMB, Supernovae, Baryon
Acoustic Oscillations (BAO) or structure formation, and by GW observations,
combining the GW measurement of the luminosity distance of coalescing bina-
ries with information on the redshift, obtained either with an electromagnetic
counterpart, if it is observed (“standard sirens”) or with statistical methods
(“dark sirens”), as discussed below. A first observable for GW observations, in
the context of dark energy and modified gravity, is therefore the DE equation of
state wDE(z) or, more simply, the two parameters (w0, wa). Modifications of the
cosmological model in the sector of scalar perturbations are less directly relevant
for GW experiments, and rather manifest themselves in cosmological structure
formation; these modifications are among the targets of current galaxy surveys.
However, for GW observation, there are further quantities that are accessible,
to test modified gravity: GW observation can in fact access modifications in the
tensor perturbation sector (i.e., GWs propagating over a FRW background).
In GR the equation that governs the propagation of tensor perturbations over
FRW is given by

h̃
00
A
+ 2Hh̃

0
A
+ c

2
k
2
h̃A = 0 , (15)

where h̃A(⌘,k) is the Fourier-transformed GW amplitude, A = +,⇥ labels the
two GW polarizations, the prime denotes the derivative with respect to cosmic
time ⌘ [defined by d⌘ = dt/a(t)], a(⌘) is the FRW scale factor, and H = a

0
/a.

In modified gravity theories, this propagation equation is modified, as has been
found on many explicit modified gravity models [195–203]. A modification of
the coe�cient of the k

2
h̃A term induces a speed of GWs, cgw, di↵erent from

that of light. After the observation of GW170817, this is now excluded at a
level |cgw � c|/c < O(10�15) [204] (at least for scale-independent modifications,
see [205]). However, the modified gravity models that pass this constraint still,
in general, induce a change in the above equation, that becomes

h̃
00
A
+ 2H[1� �(⌘)]h̃0

A
+ c

2
k
2
h̃A = 0 , (16)

for some function �(⌘) that encodes the modifications from GR. As a result, the
amplitude of a GW propagating across cosmological distances, from the source
to the observer, is modified, because of this di↵erent friction term; one can
then show that the amplitude of the GW from a coalescing binaries no longer
allows us to obtain the standard luminosity distance dL(z) of the source [that,
in this context, we will denote by d

em
L

(z), since this is the quantity that would
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Figure 54: Reconstruction of the DE equation of state parameters w0 and wa, from the joint
GW+EM events obtained with ET+THESEUS in 5 yr of observations, for the di↵erent geometries of
ET shown, all with their HFLF-cryo sensitivity.

the discrepancy on H0 between late-Universe and early-Universe probes might have already
found a resolution. More specific to 3G detectors is the possibility of testing the cosmological
model with GWs up to moderate and large redshifts, where signatures of a dynamical dark
energy could be found.

In general, on cosmological scales, one performs a separation between the homogeneous
Friedmann-Robertson-Walker (FRW) background, and scalar, vector and tensor perturba-
tions over it; tensor perturbations, when they are well inside the cosmological horizon, are
just GWs propagating on the FRW background. Whenever gravity is modified on cosmo-
logical scales, both the background evolution and the dynamics in the sectors of scalar and
tensor perturbations are modified (vector perturbations usually decay and are irrelevant).
Here we discuss the e↵ect of dark energy on the background evolution, which, as we will
recall, can be described by an e↵ective dark energy (DE) equation of state, while below we
will discuss the modification of the tensor sector related to modified GW propagation.

At the background level, the e↵ect of a dynamical dark energy component is described
by the DE density ⇢DE(z) and by its pressure pDE(z). Equivalently, one can introduce the
DE equation of state wDE(z), defined by pDE(z) = wDE(z)⇢DE(z). The standard ⇤CDM
model is recovered for wDE(z) = �1. Using the conservation of the DE energy-momentum
tensor, one finds that the DE density is given as a function of redshift by

⇢DE(z) = ⇢0⌦DE exp

⇢
3

Z z

0

dz̃

1 + z̃
[1 + wDE(z̃)]

�
, (6.10)
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Configuration �w0 �wa

�-10km 0.49 3.81
�-15km 0.40 2.65
2L-15km-45� 0.35 2.55
2L-20km-45� 0.34 2.40

Table 30: Absolute errors on the DE equation of state parameters w0 and wa (symmetric 68%
CI), from the joint GW+EM events obtained with ET+THESEUS, for the di↵erent geometries of ET
shown, all with their HFLF-cryo sensitivity.

HFLF cryo HF only

Figure 55: Reconstruction of the DE equation of state parameters w0 and wa, from the joint
GW+EM events obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries of
ET shown, in the left panel with their HFLF-cryo sensitivity and in the right panel with the HF
instrument only.

where ⌦DE = ⇢DE(0)/⇢0 is the DE density fraction and ⇢0 = 3H2
0/(8⇡G) is the critical

density. At the background level, the properties of DE are therefore encoded just in one
function wDE(z). The corresponding expression for the luminosity distance (neglecting again
radiation) is

dL(z) =
c

H0
(1 + z)

Z z

0

dz̃p
⌦M (1 + z̃)3 + ⇢DE(z̃)/⇢0

, (6.11)

and reduces to eq. (6.9) when ⇢DE(z̃) is a constant, i.e. when wDE(z) = �1. Any redshift
dependence of ⇢DE, i.e. any deviation of the DE equation of state from the ⇤CDM value
wDE = �1, would provide evidence for a dynamical dark energy.

In general, it is di�cult to extract from the data a full function of redshift, such as
wDE(z), and a parametrization in terms of a small number of parameters is useful. For the
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Parameter All nuisance
parameters free

Fix ⌦b Fix As, ns Fix ⌦b, As, ns

ET 2L 45� 15 km + 2CE
H0 0.8 0.75 0.55 0.47
⌦m 5.3 4.9 2.6 1.2

ET � 10 km + 2CE
H0 0.8 0.79 0.6 0.53
⌦m 5.3 4.9 2.6 1.2

Figure 2.37: Left: constraints in the H0 � ⌦m plane from the tomographic angular auto-
and cross-correlation of resolved BBHs with a Euclid–like photometric galaxy catalog, for ET
in the 2L configuration in combination with two CE detectors. Di↵erent lines correspond to
fixing other cosmological parameters (baryon density ⌦b, amplitude As and spectral index ns

of the primordial power spectrum), representing the case where prior knowledge is assumed
on those, while still marginalising over the tracers’ bias. The case of a triangular ET is not
displayed since almost indistinguishable. Right: relative errors (in %) on H0, ⌦m for the 2L
and triangular configurations of ET. Results from [1261].

figure 2.28. Furthermore, we restrict to a maximum multipole `max = 300 in any case,
and for GW sources we impose a stricter hard cut on the maximum multipole in each bin
(denoted with the index i) at `max,i = ⇡/

p
�⌦min,i being �⌦min,i the best sky localization in

the bin. The result is marginalised over the amplitude and spectral index of the primordial
power spectrum, the baryon density, and the amplitude of the GW and galaxy bias in each
bin, for a total of 43 nuisance parameters. Therefore, importantly in light of the Hubble
tension, this constraints are independent on any other external probe or prior (e.g. BBN,
CMB, SNe). We also show the result obtained fixing the baryon density ⌦b and primordial
power spectrum amplitude As and spectral index ns to their fiducial values, corresponding
to the case where external priors are added. The relative error is reported in the table in the
right panel of figure 2.37. In the best case, we forecast a 0.8% measurement of H0, which
can be reduced to ⇠ 0.5% when assuming prior knowledge of ⌦b, As, ns, in which case a
⇠ 1% measurement of ⌦m is also obtained. In conclusion, the cross–correlation technique for
ET in combination with CE can lead to a promising sub–percent determination of H0, with
percent–level precision already reached after one year of operation.

Reconstructing the Hubble diagram from cross-correlations of GW sources and tracers
in redshift space can also be done directly through full-sky cosmological galaxy mock simu-
lations. In [1263], the authors employ thousands of relativistic galaxy simulations together
with binary black-hole sky maps populating the same large-scale structures of the galaxy
maps, taking into account various systematic sources of anisotropies: the direction depen-
dent sensitivities of both 2G and 3G GW networks, galaxy mask, the lensing magnification
of luminosity distances, and modeling BBHs as extended sources due to the much larger
errors in the determination of their 3D positions (RA, Dec, DL) as compared to the ones for
galaxies. Ref. [1263] shows that the method is robust to all these e↵ects and to the choice of
fiducial cosmology behind the simulations. This means that the position of the crest in the
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Fix ⌦b Fix As, ns Fix ⌦b, As, ns
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H0 0.8 0.75 0.55 0.47
⌦m 5.3 4.9 2.6 1.2

ET � 10 km + 2CE
H0 0.8 0.79 0.6 0.53
⌦m 5.3 4.9 2.6 1.2

Figure 2.37: Left: constraints in the H0 � ⌦m plane from the tomographic angular auto-
and cross-correlation of resolved BBHs with a Euclid–like photometric galaxy catalog, for ET
in the 2L configuration in combination with two CE detectors. Di↵erent lines correspond to
fixing other cosmological parameters (baryon density ⌦b, amplitude As and spectral index ns

of the primordial power spectrum), representing the case where prior knowledge is assumed
on those, while still marginalising over the tracers’ bias. The case of a triangular ET is not
displayed since almost indistinguishable. Right: relative errors (in %) on H0, ⌦m for the 2L
and triangular configurations of ET. Results from [1261].

figure 2.28. Furthermore, we restrict to a maximum multipole `max = 300 in any case,
and for GW sources we impose a stricter hard cut on the maximum multipole in each bin
(denoted with the index i) at `max,i = ⇡/

p
�⌦min,i being �⌦min,i the best sky localization in

the bin. The result is marginalised over the amplitude and spectral index of the primordial
power spectrum, the baryon density, and the amplitude of the GW and galaxy bias in each
bin, for a total of 43 nuisance parameters. Therefore, importantly in light of the Hubble
tension, this constraints are independent on any other external probe or prior (e.g. BBN,
CMB, SNe). We also show the result obtained fixing the baryon density ⌦b and primordial
power spectrum amplitude As and spectral index ns to their fiducial values, corresponding
to the case where external priors are added. The relative error is reported in the table in the
right panel of figure 2.37. In the best case, we forecast a 0.8% measurement of H0, which
can be reduced to ⇠ 0.5% when assuming prior knowledge of ⌦b, As, ns, in which case a
⇠ 1% measurement of ⌦m is also obtained. In conclusion, the cross–correlation technique for
ET in combination with CE can lead to a promising sub–percent determination of H0, with
percent–level precision already reached after one year of operation.

Reconstructing the Hubble diagram from cross-correlations of GW sources and tracers
in redshift space can also be done directly through full-sky cosmological galaxy mock simu-
lations. In [1263], the authors employ thousands of relativistic galaxy simulations together
with binary black-hole sky maps populating the same large-scale structures of the galaxy
maps, taking into account various systematic sources of anisotropies: the direction depen-
dent sensitivities of both 2G and 3G GW networks, galaxy mask, the lensing magnification
of luminosity distances, and modeling BBHs as extended sources due to the much larger
errors in the determination of their 3D positions (RA, Dec, DL) as compared to the ones for
galaxies. Ref. [1263] shows that the method is robust to all these e↵ects and to the choice of
fiducial cosmology behind the simulations. This means that the position of the crest in the
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~ % level precision with one year of observation

 Photometric sample of the Euclid satellite

 (sky coverage of 15,000 square degrees and ∼1.6 × 10^9 observed galaxies)

2 Methodology

2.1 Observable and cross–correlation signal

The fundamental observable of a cosmological survey is the number density of objects and
its perturbation. A LSS or GW survey is three–dimensional, so three coordinates are needed
to fully exploit its information. When aiming at determining cosmological parameters, a
convenient choice is to use the position in the sky, denoted as n, and a radial coordinate that
corresponds to the quantity measured by the survey [16].

In this paper, we consider the statistical distribution of the observed number counts of
di↵erent tracers of the same underlying dark matter field (specifically, GWs and galaxies),
labeled as X,Y , as a function of n and of a radial coordinate that depends on the tracer
and that we will generically denote here as x. For galaxy surveys, this coordinate is the
redshift z, while for the GW catalog it is the luminosity distance, dL. The formalism for
the cross–correlation of di↵erent tracers is thoroughly discussed in Ref. [48], which uses the
redshift as a variable, and which we follow closely (see also Ref. [47] for an earlier discussion,
Refs. [49, 51, 134, 135] for other applications, Refs. [37, 46] for the corresponding correct
treatment in distance space, and Refs. [38, 52] for earlier studies).

The relative fluctuation of the number of objects observed in a given direction n and at
radial position x for tracer X is

�X(n, x) =
N

X(n, x)� hNXi(x)
hNXi(x) , (2.1)

where h...i denotes an average over sky positions. This is a stochastic field with zero mean
and can be conveniently expanded in spherical harmonics, i.e.

�X(n, x) =
1X

`=0

X̀

m=�`

s
X
`m(x)Y`m(n) . (2.2)

The statistical properties of the field are encoded in the angular power spectrum in tomo-
graphic bins CXY

` (xi, xj), obtained by cross–correlating the harmonic coe�cients of tracer X
in bin i (centered at radial coordinate xi) with tracer Y in bin j (centered at radial coordinate
xj):

hsX`m(xi)s
Y ⇤
`0m0(xj)i = �``0�mm0C

XY
` (xi, xj) . (2.3)

The explicit expression of the power spectrum follows from the expression of the galaxy
number density fluctuation in perturbation theory, binned into weighted redshift/distance
intervals. This can be written as2

C
XY
` (xi, xj) =

2

⇡

Z
dk k2 P (k)�X,xi

` (k)�
Y,xj

` (k) (2.4)

where P (k) is the primordial power spectrum, and

�X,xi
` (k) =

Z 1

0

dxwX(x, xi)�
X
` (k, x) (2.5)

2
We adopt the class convention for the normalization of Fourier transforms, see e.g. Ref. [136].
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Figure 8. Relative uncertainty on H0 (left) and FoM = [det(F�1)]�1/2 (right) as a function of the
number of bins for di↵erent photometric and spectroscopic surveys and five years of observations of
the ET 2L + 2CE GW detector network. Shaded horizontal bands represent 1% constraints. A bar
denotes the fiducial value.

on H0 and a ⇠2.3% constraint on ⌦m when combined with ET 2L + 2CE. Adopting an
equally spaced binning scheme might be beneficial for improving further.

In any case, we note that the information from spectroscopic surveys saturates earlier
than for the Euclid photometric sample, as can be seen from Fig. 8. This is also the reason
why we restrict to 20 bins at most. This saturation is due to larger shot noise in the galaxy
auto-correlation term for the Euclid spectroscopic sample, and to the suboptimal overlap of
the SKA survey with the GW sample which makes the use of a finer binning not improve the
result. We note that, in order to fully exploit the resolution of a spectroscopic survey, the
correlation function could be a more promising summary statistics than the angular power
spectrum. With the accuracy on distance estimates provided by 3G detectors, it would be
interesting to compare the performance of di↵erent summary statistics in combination with
a spectroscopic survey.

4.3 Comparison of di↵erent GW detector networks and geometries

In this section we compare the performance of di↵erent GW detector networks combined
to the Euclid photometric sample, and examine the dependence on the observation time.
In particular, we consider the following configurations, which are currently under active
investigation [116]:

• ET: ET alone, either made of two L-shaped detectors of 15 km arms located in the
two candidate sites in Sardinia and in the Meuse-Rhine region (ET 2L), or made of
one triangular detector in Sardinia with 10 km arms (ET �). See Ref. [120] for the
specific coordinates.

• ET + 1 CE: a network of 3G detectors made of ET (in either the 2L or triangular
configurations) and a single CE detector in the US with 40 km arms.

• ET + 2 CE: a network of 3G detectors made of ET (in either the 2L or triangular
configurations, with the former being out default choice) and two CE detectors in the
US with 40 km and 20 km arms.

The CE detectors are located as described in Sec. 3.2.
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Figure 8. Relative uncertainty on H0 (left) and FoM = [det(F�1)]�1/2 (right) as a function of the
number of bins for di↵erent photometric and spectroscopic surveys and five years of observations of
the ET 2L + 2CE GW detector network. Shaded horizontal bands represent 1% constraints. A bar
denotes the fiducial value.

on H0 and a ⇠2.3% constraint on ⌦m when combined with ET 2L + 2CE. Adopting an
equally spaced binning scheme might be beneficial for improving further.

In any case, we note that the information from spectroscopic surveys saturates earlier
than for the Euclid photometric sample, as can be seen from Fig. 8. This is also the reason
why we restrict to 20 bins at most. This saturation is due to larger shot noise in the galaxy
auto-correlation term for the Euclid spectroscopic sample, and to the suboptimal overlap of
the SKA survey with the GW sample which makes the use of a finer binning not improve the
result. We note that, in order to fully exploit the resolution of a spectroscopic survey, the
correlation function could be a more promising summary statistics than the angular power
spectrum. With the accuracy on distance estimates provided by 3G detectors, it would be
interesting to compare the performance of di↵erent summary statistics in combination with
a spectroscopic survey.

4.3 Comparison of di↵erent GW detector networks and geometries

In this section we compare the performance of di↵erent GW detector networks combined
to the Euclid photometric sample, and examine the dependence on the observation time.
In particular, we consider the following configurations, which are currently under active
investigation [116]:

• ET: ET alone, either made of two L-shaped detectors of 15 km arms located in the
two candidate sites in Sardinia and in the Meuse-Rhine region (ET 2L), or made of
one triangular detector in Sardinia with 10 km arms (ET �). See Ref. [120] for the
specific coordinates.

• ET + 1 CE: a network of 3G detectors made of ET (in either the 2L or triangular
configurations) and a single CE detector in the US with 40 km arms.

• ET + 2 CE: a network of 3G detectors made of ET (in either the 2L or triangular
configurations, with the former being out default choice) and two CE detectors in the
US with 40 km and 20 km arms.

The CE detectors are located as described in Sec. 3.2.
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Correlated Newtonian Noise
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Newtonian noise is a disturbance produced in GW detectors by 
local fluctuations in the Gravitational field

Local fluctuations generated 
by changes in density of
rocks

Originated by passing
seismic waves

Body Waves Surface Waves
(Rayleigh Waves)

Underground colocated
interferometers will only
be affected by this effect

[Janssens et al. arXiv:2206.06809]

Correlated Newtonian NoiseCorrelated Newtonian Noise

I. Caporali The Dawn of Gravitational Wave Cosmology 
(Benasque Science Center)

[Janssens et al. arXiv:2206.06809]

Strain of the NN with CSD of the Homestakes underground seismometers displacement
measurement with a horizontal distance of 405m at a depth of ∼ 610 m GW Cosmology with ET



Impact of Correlated Noise on PE Resolved Events
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[F.Cireddu et al. arXiv:2312.14614]
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FIG. 2: Posterior distributions for all parameters from the PE analyses performed using the correlated likelihood, with varying
levels of the correlation coe�cient ↵. The contours in the 2D plots enclose 90% of the probability mass, and the dashed lines
represent the injected parameter values.
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FIG. 3: Posterior distributions for all parameters from the PE analyses performed using the uncorrelated likelihood, with
varying levels of the correlation coe�cient ↵. The contours in the 2D plots enclose 90% of the probability mass, and the
dashed lines represent the injected parameter values.Neglecting these correlations may significantly reduce the accuracy of the chirp mass reconstruction. 
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Correlated noise is a threat to all the possible Astrophysical and
Cosmological sources of SGWB
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SGWB Energy Density SpectrumSGWB Energy Density Spectrum

I. Caporali The Dawn of Gravitational Wave Cosmology 
(Benasque Science Center)

Power law behavior

[Renzini et al. arXiv:2202.00178]
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Power Law Behavior

SGWB Energy Density SpectrumSGWB Energy Density Spectrum

I. Caporali The Dawn of Gravitational Wave Cosmology 
(Benasque Science Center)

Power law behavior

[Renzini et al. arXiv:2202.00178]
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3

have a triangular layout with three nested detectors in a
xylophone configuration, located 200-300 meters under-
ground. Each detector will consist of two interferometers:
one optimized for the high-frequency and the other for
the low-frequency. In the triangular configuration, each
interferometer arm will be 10 km long. Recently, an alter-
native design for the ET has been considered, involving
two separate L-shaped detectors located at di↵erent sites,
with each interferometer arm ranging from 10 to 20 km in
length and oriented di↵erently to maximize coverage. A
quantitative analysis comparing these configurations has
been conducted in [11].
Potential locations for the ET are the area near the Sos

Enattos mine in Sardinia, Italy, and the Meuse-Rhine
three-border region across Belgium, Germany and the
Netherlands. Recently, also Saxony has been proposed
as an alternative site [71].
In this paper, we consider ET in the triangular config-

uration located in Sardinia and ET in the 2L configura-
tion with one detector located in Sardinia and one in the
Meuse-Rhine region. We consider the two separated de-
tectors in the aligned configuration, so using the relative
orientation between the two, defined with respect to the
great circle that connects them. 1

The impact of di↵erent ET configurations on the
scientific objectives is an area of active research (see
e.g., [11, 72, 73]). Beyond the geometry, reducing and
characterizing the various noise sources a↵ecting ET’s
sensitivity is crucial for achieving the expected scientific
outcomes. One of the main goals for ET is to improve
sensitivity at low frequencies. In this regard, consider-
able e↵ort in recent years has focused on understanding
the e↵ects of seismic and Newtonian noise on ET’s sen-
sitivity [8, 9, 74]. This challenge is heightened for the
triangular configuration, which is potentially threatened
by correlated seismic and Newtonian noise [75, 76]. This
correlation arises because the input and output mirrors
of two interferometers are proposed to be separated by
only a few hundred meters. As noted in [12], there are
five specific coupling points between two of the three in-
terferometers. Although direct seismic noise would a↵ect
the search for an isotropic SGWB only up to around 5
Hz [6], the challenge lies in its ability to induce variations
in the local gravitational field, a phenomenon known as
Newtonian noise (NN). Two types of seismic waves con-
tribute to the NN [6, 74]: Rayleigh waves, which prop-
agate along the Earth’s surface, and body waves, which
travel through the Earth’s mantle. Rayleigh waves dimin-
ish rapidly with depth, while body waves are expected to
be a more substantial source of correlated noise for colo-
cated detectors, since they will be located several hundred
meters underground. This type of noise could a↵ect the

1
We use the 2L configuration with aligned detectors, as it maxi-

mizes the sensitivity to the SGWB. However, another possibility

is a misaligned configuration with a mutual orientation of 47.51°
(see [11] for the impact on the SGWB).

isotropic SGWB searches at frequencies up to approxi-
mately 40 Hz [7, 11, 12]. For these reasons, correlated
noise sources could limit the detectability of an isotropic
SGWB for ET in its triangular configuration.2

A. Characterization of the noise for the triangular
configuration

In the case of ET in a triangular configuration, we will
measure data sI(t) in each of the three di↵erent channels.
In general, the output of a given channel, labeled as I,
can be written as

sI(t) = hI(t) + nI(t) , (7)

where hI(t) and nI(t) are the time-domain signal and
noise contributions, respectively. Under the assumption
that every transient signal has been removed, the data
have zero mean and covariance given by

⌃IJ(t, t
0) ⌘ hsI(t)sJ(t0)i . (8)

If we consider only stationary noise and SGWB, the co-
variance matrix depends only on |t � t

0|. By definition,
the covariance matrix is also symmetric under the ex-
change of two channels, ⌃IJ = ⌃JI . Therefore, for a fixed
pair of detector channels, the covariance is a symmetric
Toeplitz matrix, i.e., a matrix with constant values on
each ascending diagonal. In [78], it has been shown that
a Toeplitz matrix is asymptotically equivalent to a circu-
lant matrix, whose eigenvalues are the Discrete Fourier
Transform (DFT) of the covariance (see also [13] for a
more detailed discussion). This property implies that the
DFT basis allows us to diagonalize the covariance matrix
in the time domain by using the DFT of the data as a di-
agonal basis. For this reason, from now on, we will focus
exclusively on the Fourier transform of the data, assum-
ing that the DFT of the time delays has already been
performed. In particular, we denote the Fourier trans-
form of the SGWB signal, defined in Eq. (4), as h̃I(f),
and the Fourier transform of the noise as ñI(f).

Considering two detectors I and J , the covariance of
the noise is defined as the two-point correlation function

hñI(f)ñ
⇤
J(f

0)i ⌘ �(f � f
0)

2
NIJ(f) , (9)

where we have assumed that the noise is stationary and,
therefore, not correlated at di↵erent frequencies. We also

2
There is also correlated noise from magnetic field fluctua-

tions [5, 77], which is the only known broadband environ-

mental noise source that could a↵ect far-away detectors (i.e.,

2L) because it coherently couples to widely separated, earth-

based interferometers. This noise arises from Schumann reso-

nances—electromagnetic waves along Earth’s surface generated

by global lightning activity. However, in this paper, we disre-

gard the impact of this correlated noise source and we leave the

analysis for future works.
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assume that the noise is Gaussian [19, 20]. In Eq. (9),
the elements along the diagonal, i.e., those with I = J ,
are usually called Power Spectral Density of the detec-
tor (PSD) and represent the auto-correlation functions
of the detector noise. The elements outside the diago-
nal, i.e., those with I 6= J , are usually referred to as the
Cross Power Spectral Density (CSD) and quantify the
noise between di↵erent detectors. The CSD is in princi-
ple a complex quantity that contains information about
both the amplitude and phase of the noise correlation.
This property is particularly useful for identifying and
understanding common noise sources that a↵ect multiple
detectors. In reality, both the PSD and the CSD will vary
over time and, as a consequence, a↵ect the stationarity
of the noise. Here we ignore this complication, as we deal
with simulated data.
We refer to the PSD as Nd(f) (diagonal) and to the

CSD as No(f) (o↵-diagonal). We assume that, in prin-
ciple, every pair of detectors is correlated. Thus, for the
triangular configuration, we express the covariance ma-
trix of the noise as

NIJ(f) ⌘

0

@
Nd(f) No(f) No(f)
No(f) Nd(f) No(f)
No(f) No(f) Nd(f)

1

A , (10)

where we assume that all auto-correlation channels have
the same PSD and cross-correlation channels have the
same CSD respectively, since the three interferometers
have identical properties [20]. We also assume that the
geophysical environment at the three vertices is the same.
This is indeed an assumption, as, in general, the PSDs of
the three ET detectors could di↵er, as well as the noise
correlations between the channels. This assumption is
reasonable as a first approximation for the scope of this
study, but we plan to relax it in future work. There
are already a few studies that account for unequal PSDs
and introduce formalisms to estimate the noise in such
cases (see [17, 79–81]). The positive definiteness of the
covariance matrix of the noise implies that all its eigenval-
ues are real and non-negative, which gives the condition
�1/2  No(f)/Nd(f)  1 in each frequency bin.
Following the results found by [5], the NN is expected

to have a declining behaviour as a function of frequency
(in ⌦GW units). For this reason, we use the following
correlated noise template

No(f) = Nd(2.75Hz) r

✓
f

2.75Hz

◆nnoise

, (11)

where Nd(2.75Hz) is the amplitude of the noise at the
pivot frequency 2.75Hz, while r is the correlation of the
noise at 2.75Hz and nnoise is the spectral tilt of the noise.
This template is justified by the results found by [6, 12,
75, 76, 82].
In general, the noise CSD, No, could contain a complex

phase [81], which induces di↵erent correlations between
the real and imaginary parts of ñI and ñJ . However, such
contributions are not expected to a↵ect the reconstruc-
tion of the SGWB, since any complex phase in the noise

can be reabsorbed in the definition of the stochastic sig-
nal, which is characterized just by its (real) covariance.
Therefore, we will only consider the case where the CSD
is real, although a complex phase could have influence the
parameter estimation of resolved sources [13, 83] and, as
a consequence, the residual SGWB. In Appendix B, we
provide a proof that the a complex phase in the CSD
would not impact the reconstruction of the parameters of
the SGWB. The assumption that the covariance matrix
of the noise is real corresponds to the case in which the
complex phase is 0 (positive correlation) or ⇡ (negative
correlation). Although the reconstruction of the param-
eters of the SGWB is expected to be the same for these
two cases, we perform the Bayesian analysis estimating
also the sign of the (real) correlation, in order to show
the capability of reconstructing faithfully also the noise,
once an accurate template for the frequency dependence
is provided. As already stressed, such a reconstruction
of the noise will play a crucial role for the case of the
resolved sources as in [13, 83]. For simplicity, we restrict
the phase to either 0 or ⇡, leaving the discussion of a
Bayesian analysis of the SGWB and noise with a com-
plex CSD to future work.

B. Characterization of the noise for the 2L
configuration

In the case of ET in the 2L configuration, we will mea-
sure data from two independent detectors. Here we as-
sume that the noises in the 2L interferometers are un-
correlated, therefore we set the CSD to zero. This can
be done since the detectors are far apart and we do
not consider the impact of correlated magnetic noise, as
mentioned before. In the case of uncorrelated detectors,
the covariance matrix of the noise, computed by using
Eq. (9), reduces to the diagonal matrix

NIJ(f) ⌘
✓
N(f) 0
0 N(f)

◆
. (12)

As before, we assume that the two detectors have identi-
cal PSDs, justified by their identical design and properties
[11].

IV. BAYESIAN ANALYSIS FOR THE SGWB

A. Likelihood for correlated and uncorrelated
configurations

In GW experiments, we can perform the Fourier trans-
form of the data over di↵erent time segments of duration
Tseg for each detector channel, denoted as {s̃I(t, f)}. The
times t are equally spaced with intervals of duration Tseg,
ranging from 0 to the total observation time Tobs. In our
analysis, we assume that all the signals from the resolved
sources have been subtracted, thus the data consist only
of the stochastic background(s) and noise. In a single
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assume that the noise is Gaussian [19, 20]. In Eq. (9),
the elements along the diagonal, i.e., those with I = J ,
are usually called Power Spectral Density of the detec-
tor (PSD) and represent the auto-correlation functions
of the detector noise. The elements outside the diago-
nal, i.e., those with I 6= J , are usually referred to as the
Cross Power Spectral Density (CSD) and quantify the
noise between di↵erent detectors. The CSD is in princi-
ple a complex quantity that contains information about
both the amplitude and phase of the noise correlation.
This property is particularly useful for identifying and
understanding common noise sources that a↵ect multiple
detectors. In reality, both the PSD and the CSD will vary
over time and, as a consequence, a↵ect the stationarity
of the noise. Here we ignore this complication, as we deal
with simulated data.
We refer to the PSD as Nd(f) (diagonal) and to the

CSD as No(f) (o↵-diagonal). We assume that, in prin-
ciple, every pair of detectors is correlated. Thus, for the
triangular configuration, we express the covariance ma-
trix of the noise as

NIJ(f) ⌘

0

@
Nd(f) No(f) No(f)
No(f) Nd(f) No(f)
No(f) No(f) Nd(f)

1

A , (10)

where we assume that all auto-correlation channels have
the same PSD and cross-correlation channels have the
same CSD respectively, since the three interferometers
have identical properties [20]. We also assume that the
geophysical environment at the three vertices is the same.
This is indeed an assumption, as, in general, the PSDs of
the three ET detectors could di↵er, as well as the noise
correlations between the channels. This assumption is
reasonable as a first approximation for the scope of this
study, but we plan to relax it in future work. There
are already a few studies that account for unequal PSDs
and introduce formalisms to estimate the noise in such
cases (see [17, 79–81]). The positive definiteness of the
covariance matrix of the noise implies that all its eigenval-
ues are real and non-negative, which gives the condition
�1/2  No(f)/Nd(f)  1 in each frequency bin.
Following the results found by [5], the NN is expected

to have a declining behaviour as a function of frequency
(in ⌦GW units). For this reason, we use the following
correlated noise template

No(f) = Nd(2.75Hz) r

✓
f

2.75Hz

◆nnoise

, (11)

where Nd(2.75Hz) is the amplitude of the noise at the
pivot frequency 2.75Hz, while r is the correlation of the
noise at 2.75Hz and nnoise is the spectral tilt of the noise.
This template is justified by the results found by [6, 12,
75, 76, 82].
In general, the noise CSD, No, could contain a complex

phase [81], which induces di↵erent correlations between
the real and imaginary parts of ñI and ñJ . However, such
contributions are not expected to a↵ect the reconstruc-
tion of the SGWB, since any complex phase in the noise

can be reabsorbed in the definition of the stochastic sig-
nal, which is characterized just by its (real) covariance.
Therefore, we will only consider the case where the CSD
is real, although a complex phase could have influence the
parameter estimation of resolved sources [13, 83] and, as
a consequence, the residual SGWB. In Appendix B, we
provide a proof that the a complex phase in the CSD
would not impact the reconstruction of the parameters of
the SGWB. The assumption that the covariance matrix
of the noise is real corresponds to the case in which the
complex phase is 0 (positive correlation) or ⇡ (negative
correlation). Although the reconstruction of the param-
eters of the SGWB is expected to be the same for these
two cases, we perform the Bayesian analysis estimating
also the sign of the (real) correlation, in order to show
the capability of reconstructing faithfully also the noise,
once an accurate template for the frequency dependence
is provided. As already stressed, such a reconstruction
of the noise will play a crucial role for the case of the
resolved sources as in [13, 83]. For simplicity, we restrict
the phase to either 0 or ⇡, leaving the discussion of a
Bayesian analysis of the SGWB and noise with a com-
plex CSD to future work.

B. Characterization of the noise for the 2L
configuration

In the case of ET in the 2L configuration, we will mea-
sure data from two independent detectors. Here we as-
sume that the noises in the 2L interferometers are un-
correlated, therefore we set the CSD to zero. This can
be done since the detectors are far apart and we do
not consider the impact of correlated magnetic noise, as
mentioned before. In the case of uncorrelated detectors,
the covariance matrix of the noise, computed by using
Eq. (9), reduces to the diagonal matrix

NIJ(f) ⌘
✓
N(f) 0
0 N(f)

◆
. (12)

As before, we assume that the two detectors have identi-
cal PSDs, justified by their identical design and properties
[11].

IV. BAYESIAN ANALYSIS FOR THE SGWB

A. Likelihood for correlated and uncorrelated
configurations

In GW experiments, we can perform the Fourier trans-
form of the data over di↵erent time segments of duration
Tseg for each detector channel, denoted as {s̃I(t, f)}. The
times t are equally spaced with intervals of duration Tseg,
ranging from 0 to the total observation time Tobs. In our
analysis, we assume that all the signals from the resolved
sources have been subtracted, thus the data consist only
of the stochastic background(s) and noise. In a single

Correlated noise template

−1/2 ≤ No( f )/Nd( f ) ≤ 1
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assume that the noise is Gaussian [19, 20]. In Eq. (9),
the elements along the diagonal, i.e., those with I = J ,
are usually called Power Spectral Density of the detec-
tor (PSD) and represent the auto-correlation functions
of the detector noise. The elements outside the diago-
nal, i.e., those with I 6= J , are usually referred to as the
Cross Power Spectral Density (CSD) and quantify the
noise between di↵erent detectors. The CSD is in princi-
ple a complex quantity that contains information about
both the amplitude and phase of the noise correlation.
This property is particularly useful for identifying and
understanding common noise sources that a↵ect multiple
detectors. In reality, both the PSD and the CSD will vary
over time and, as a consequence, a↵ect the stationarity
of the noise. Here we ignore this complication, as we deal
with simulated data.
We refer to the PSD as Nd(f) (diagonal) and to the

CSD as No(f) (o↵-diagonal). We assume that, in prin-
ciple, every pair of detectors is correlated. Thus, for the
triangular configuration, we express the covariance ma-
trix of the noise as

NIJ(f) ⌘

0

@
Nd(f) No(f) No(f)
No(f) Nd(f) No(f)
No(f) No(f) Nd(f)

1

A , (10)

where we assume that all auto-correlation channels have
the same PSD and cross-correlation channels have the
same CSD respectively, since the three interferometers
have identical properties [20]. We also assume that the
geophysical environment at the three vertices is the same.
This is indeed an assumption, as, in general, the PSDs of
the three ET detectors could di↵er, as well as the noise
correlations between the channels. This assumption is
reasonable as a first approximation for the scope of this
study, but we plan to relax it in future work. There
are already a few studies that account for unequal PSDs
and introduce formalisms to estimate the noise in such
cases (see [17, 79–81]). The positive definiteness of the
covariance matrix of the noise implies that all its eigenval-
ues are real and non-negative, which gives the condition
�1/2  No(f)/Nd(f)  1 in each frequency bin.
Following the results found by [5], the NN is expected

to have a declining behaviour as a function of frequency
(in ⌦GW units). For this reason, we use the following
correlated noise template

No(f) = Nd(2.75Hz) r

✓
f

2.75Hz

◆nnoise

, (11)

where Nd(2.75Hz) is the amplitude of the noise at the
pivot frequency 2.75Hz, while r is the correlation of the
noise at 2.75Hz and nnoise is the spectral tilt of the noise.
This template is justified by the results found by [6, 12,
75, 76, 82].
In general, the noise CSD, No, could contain a complex

phase [81], which induces di↵erent correlations between
the real and imaginary parts of ñI and ñJ . However, such
contributions are not expected to a↵ect the reconstruc-
tion of the SGWB, since any complex phase in the noise

can be reabsorbed in the definition of the stochastic sig-
nal, which is characterized just by its (real) covariance.
Therefore, we will only consider the case where the CSD
is real, although a complex phase could have influence the
parameter estimation of resolved sources [13, 83] and, as
a consequence, the residual SGWB. In Appendix B, we
provide a proof that the a complex phase in the CSD
would not impact the reconstruction of the parameters of
the SGWB. The assumption that the covariance matrix
of the noise is real corresponds to the case in which the
complex phase is 0 (positive correlation) or ⇡ (negative
correlation). Although the reconstruction of the param-
eters of the SGWB is expected to be the same for these
two cases, we perform the Bayesian analysis estimating
also the sign of the (real) correlation, in order to show
the capability of reconstructing faithfully also the noise,
once an accurate template for the frequency dependence
is provided. As already stressed, such a reconstruction
of the noise will play a crucial role for the case of the
resolved sources as in [13, 83]. For simplicity, we restrict
the phase to either 0 or ⇡, leaving the discussion of a
Bayesian analysis of the SGWB and noise with a com-
plex CSD to future work.

B. Characterization of the noise for the 2L
configuration

In the case of ET in the 2L configuration, we will mea-
sure data from two independent detectors. Here we as-
sume that the noises in the 2L interferometers are un-
correlated, therefore we set the CSD to zero. This can
be done since the detectors are far apart and we do
not consider the impact of correlated magnetic noise, as
mentioned before. In the case of uncorrelated detectors,
the covariance matrix of the noise, computed by using
Eq. (9), reduces to the diagonal matrix

NIJ(f) ⌘
✓
N(f) 0
0 N(f)

◆
. (12)

As before, we assume that the two detectors have identi-
cal PSDs, justified by their identical design and properties
[11].

IV. BAYESIAN ANALYSIS FOR THE SGWB

A. Likelihood for correlated and uncorrelated
configurations

In GW experiments, we can perform the Fourier trans-
form of the data over di↵erent time segments of duration
Tseg for each detector channel, denoted as {s̃I(t, f)}. The
times t are equally spaced with intervals of duration Tseg,
ranging from 0 to the total observation time Tobs. In our
analysis, we assume that all the signals from the resolved
sources have been subtracted, thus the data consist only
of the stochastic background(s) and noise. In a single

Neglecting correlated magnetic noise
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have a triangular layout with three nested detectors in a
xylophone configuration, located 200-300 meters under-
ground. Each detector will consist of two interferometers:
one optimized for the high-frequency and the other for
the low-frequency. In the triangular configuration, each
interferometer arm will be 10 km long. Recently, an alter-
native design for the ET has been considered, involving
two separate L-shaped detectors located at di↵erent sites,
with each interferometer arm ranging from 10 to 20 km in
length and oriented di↵erently to maximize coverage. A
quantitative analysis comparing these configurations has
been conducted in [11].
Potential locations for the ET are the area near the Sos

Enattos mine in Sardinia, Italy, and the Meuse-Rhine
three-border region across Belgium, Germany and the
Netherlands. Recently, also Saxony has been proposed
as an alternative site [71].
In this paper, we consider ET in the triangular config-

uration located in Sardinia and ET in the 2L configura-
tion with one detector located in Sardinia and one in the
Meuse-Rhine region. We consider the two separated de-
tectors in the aligned configuration, so using the relative
orientation between the two, defined with respect to the
great circle that connects them. 1

The impact of di↵erent ET configurations on the
scientific objectives is an area of active research (see
e.g., [11, 72, 73]). Beyond the geometry, reducing and
characterizing the various noise sources a↵ecting ET’s
sensitivity is crucial for achieving the expected scientific
outcomes. One of the main goals for ET is to improve
sensitivity at low frequencies. In this regard, consider-
able e↵ort in recent years has focused on understanding
the e↵ects of seismic and Newtonian noise on ET’s sen-
sitivity [8, 9, 74]. This challenge is heightened for the
triangular configuration, which is potentially threatened
by correlated seismic and Newtonian noise [75, 76]. This
correlation arises because the input and output mirrors
of two interferometers are proposed to be separated by
only a few hundred meters. As noted in [12], there are
five specific coupling points between two of the three in-
terferometers. Although direct seismic noise would a↵ect
the search for an isotropic SGWB only up to around 5
Hz [6], the challenge lies in its ability to induce variations
in the local gravitational field, a phenomenon known as
Newtonian noise (NN). Two types of seismic waves con-
tribute to the NN [6, 74]: Rayleigh waves, which prop-
agate along the Earth’s surface, and body waves, which
travel through the Earth’s mantle. Rayleigh waves dimin-
ish rapidly with depth, while body waves are expected to
be a more substantial source of correlated noise for colo-
cated detectors, since they will be located several hundred
meters underground. This type of noise could a↵ect the

1
We use the 2L configuration with aligned detectors, as it maxi-

mizes the sensitivity to the SGWB. However, another possibility

is a misaligned configuration with a mutual orientation of 47.51°
(see [11] for the impact on the SGWB).

isotropic SGWB searches at frequencies up to approxi-
mately 40 Hz [7, 11, 12]. For these reasons, correlated
noise sources could limit the detectability of an isotropic
SGWB for ET in its triangular configuration.2

A. Characterization of the noise for the triangular
configuration

In the case of ET in a triangular configuration, we will
measure data sI(t) in each of the three di↵erent channels.
In general, the output of a given channel, labeled as I,
can be written as

sI(t) = hI(t) + nI(t) , (7)

where hI(t) and nI(t) are the time-domain signal and
noise contributions, respectively. Under the assumption
that every transient signal has been removed, the data
have zero mean and covariance given by

⌃IJ(t, t
0) ⌘ hsI(t)sJ(t0)i . (8)

If we consider only stationary noise and SGWB, the co-
variance matrix depends only on |t � t

0|. By definition,
the covariance matrix is also symmetric under the ex-
change of two channels, ⌃IJ = ⌃JI . Therefore, for a fixed
pair of detector channels, the covariance is a symmetric
Toeplitz matrix, i.e., a matrix with constant values on
each ascending diagonal. In [78], it has been shown that
a Toeplitz matrix is asymptotically equivalent to a circu-
lant matrix, whose eigenvalues are the Discrete Fourier
Transform (DFT) of the covariance (see also [13] for a
more detailed discussion). This property implies that the
DFT basis allows us to diagonalize the covariance matrix
in the time domain by using the DFT of the data as a di-
agonal basis. For this reason, from now on, we will focus
exclusively on the Fourier transform of the data, assum-
ing that the DFT of the time delays has already been
performed. In particular, we denote the Fourier trans-
form of the SGWB signal, defined in Eq. (4), as h̃I(f),
and the Fourier transform of the noise as ñI(f).

Considering two detectors I and J , the covariance of
the noise is defined as the two-point correlation function

hñI(f)ñ
⇤
J(f

0)i ⌘ �(f � f
0)

2
NIJ(f) , (9)

where we have assumed that the noise is stationary and,
therefore, not correlated at di↵erent frequencies. We also

2
There is also correlated noise from magnetic field fluctua-

tions [5, 77], which is the only known broadband environ-

mental noise source that could a↵ect far-away detectors (i.e.,

2L) because it coherently couples to widely separated, earth-

based interferometers. This noise arises from Schumann reso-

nances—electromagnetic waves along Earth’s surface generated

by global lightning activity. However, in this paper, we disre-

gard the impact of this correlated noise source and we leave the

analysis for future works.



Likelihood for correlated and uncorrelated configurations

We introduce a time-averaged estimator of a quadratic combination of the data

ĈIJ( f ) ≡ ∑
t

2
TobsS0( f )

ℜ[s̃I(t, f )s̃*J (t, f )]

  = time segments 

  

t

Tseg = 4s

Tobs = 1day

Averaging over many time segments allows us to treat the 
estimator of the SGWB as  a Gaussian random variable, due 

to the central limit theorem

[Abbott et al. 1903.02886]
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time segment t of duration Tseg = 4 s, the SGWB, if of
astrophysical origin, could be non-stationary due to the
low number of sources contributing to the signal over such
a short period. Moreover, the noise may contain multiple
non-Gaussian contributions, due to glitches, seismic vi-
brations and scattering noise [84–87]. Furthermore, the
PSD of the noise introduced in Section III could vary
over time [88]. For these reasons, we perform a Bayesian
search for a stochastic background by introducing a time-
averaged estimator of a quadratic combination of the
data, as in [89, 90]. For two channels or detectors I and
J , the estimator used in SGWB analysis is

ĈIJ(f) ⌘
X

t

2

TobsS0(f)
<[s̃I(t, f)s̃⇤J(t, f)] , (13)

with the factor S0(f) ⌘ 3H2
0/10⇡

2
f
3 used to match the

units of the square of the data to those of the spectral
energy density of the SGWB introduced in Eq. (2). Av-
eraging over many time segments allows us to treat the
estimator of the SGWB as a Gaussian random variable,
due to the central limit theorem [14]. In Section V, we
discuss in more detail the choice of Tobs that justifies this
assumption. According to Eqs. (5) and (9), the average
of the estimator of the SGWB is

C̄IJ(f) ⌘
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E
= �IJ(f)⌦GW(f) +

NIJ(f)

S0(f)
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where �IJ is the normalized ORF. When the noise of two
interferometers are uncorrelated, as in the LIGO-Virgo-
KAGRA (LVK) case or ET in the 2L configuration, the
estimator introduced in Eq. (13) is an unbiased estima-
tor for the energy density of the SGWB [89]. In contrast,
when noise correlation is present, as in ET in the tri-
angular configuration, the correlation could introduce a
non-negligible bias to the estimated amplitude and tilt of
the SGWB. In [14] it has been shown that the variance of
the estimator is proportional to the SGWB signal itself
(intrinsic variance) and to the PSD of the noise,
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with Nseg ⌘ Tobs/Tseg the number of time segments used
in the analysis. The full likelihood of the data incorpo-
rates information from all I and J channels in the de-
tector network. However, in our analysis, we focus only
on the joint estimation of the SGWB parameters and, in
the case of ET in the triangular configuration, the cor-
related noise parameters, since we aim to show that the
parameters of the SGWB can be measured with su�cient
precision even when NIJ(f) 6= 0 (i.e., noise correlation is
present)3. We exclude from the likelihood the channels
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Furthermore, the estimation of the auto-PSD of the noise requires

a parametrization of all the contributions to the noise, which we

do not consider here.

expected to provide most of the information about the
noise auto-spectrum. Additionally, we fix the PSD to the
reference value provided in [11]. These choices, in prin-
ciple, should give to us conservative estimates. For ET
in the triangular configuration, we diagonalize the PSD,
using the AET basis [15, 16, 20]. In this basis, it is typ-
ically assumed that the T channel is used to estimate
the noise, as it is almost insensitive to the presence of a
SGWB [91]. Details on the transformation from the XYZ
to the AET basis are given in Appendix A. Similarly,
for the 2L configuration, we consider only one channel,
namely the cross-correlation between the two detectors,
as we assume that the auto-correlations are used to re-
construct the PSD. We can thus write down a Gaussian
likelihood in a form that includes both configurations
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where, in the case of ET in the triangular configuration,
we consider the pairs (I, J) = {(A,A), (E,E)}, while for
the 2L configuration, we use only (I, J) = (ET1,ET2).
In Appendix C, we derive the Gaussian likelihood of the
estimator, starting from the likelihood of the data, show-
ing the consistency of our computations by using di↵erent
likelihoods.

B. Data Generation

In this work, the signal and the noise are considered as
Gaussian random variables with zero mean and covari-
ance given by the PSD of the SGWB and noise respec-
tively. As stressed in the previous subsection, although
this is not expected to be true in a single time segment (at
least for some astrophysical sources) and noise artifacts,
the Gaussian approximation is valid once we average the
data over a large number of time segments. Therefore,
our analysis will not be altered by non-Gaussianities in
the single time segments of zero average, which will be
then neglected in the data generation. Thanks to the sta-
tionarity of the background and the noise, di↵erent fre-
quencies are uncorrelated, therefore we can sample the
data in each bin from (fmax � fmin)/�f independent
Gaussian distributions. In a similar fashion, the noise and
the SGWB in di↵erent time segments are sampled from
Nseg independent Gaussian distributions. Conversely, the
data in di↵erent channels are correlated, implying they
are generated from a multivariate Gaussian distribution.
More specifically, in a time segment t and a frequency bin
f , we write the data as
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time segment t of duration Tseg = 4 s, the SGWB, if of
astrophysical origin, could be non-stationary due to the
low number of sources contributing to the signal over such
a short period. Moreover, the noise may contain multiple
non-Gaussian contributions, due to glitches, seismic vi-
brations and scattering noise [84–87]. Furthermore, the
PSD of the noise introduced in Section III could vary
over time [88]. For these reasons, we perform a Bayesian
search for a stochastic background by introducing a time-
averaged estimator of a quadratic combination of the
data, as in [89, 90]. For two channels or detectors I and
J , the estimator used in SGWB analysis is
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units of the square of the data to those of the spectral
energy density of the SGWB introduced in Eq. (2). Av-
eraging over many time segments allows us to treat the
estimator of the SGWB as a Gaussian random variable,
due to the central limit theorem [14]. In Section V, we
discuss in more detail the choice of Tobs that justifies this
assumption. According to Eqs. (5) and (9), the average
of the estimator of the SGWB is
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where �IJ is the normalized ORF. When the noise of two
interferometers are uncorrelated, as in the LIGO-Virgo-
KAGRA (LVK) case or ET in the 2L configuration, the
estimator introduced in Eq. (13) is an unbiased estima-
tor for the energy density of the SGWB [89]. In contrast,
when noise correlation is present, as in ET in the tri-
angular configuration, the correlation could introduce a
non-negligible bias to the estimated amplitude and tilt of
the SGWB. In [14] it has been shown that the variance of
the estimator is proportional to the SGWB signal itself
(intrinsic variance) and to the PSD of the noise,
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ĈIJ(f)� C̄IJ(f)
i2�

=
C̄IIC̄JJ + C̄

2
IJ

2Nseg
,

(15)
with Nseg ⌘ Tobs/Tseg the number of time segments used
in the analysis. The full likelihood of the data incorpo-
rates information from all I and J channels in the de-
tector network. However, in our analysis, we focus only
on the joint estimation of the SGWB parameters and, in
the case of ET in the triangular configuration, the cor-
related noise parameters, since we aim to show that the
parameters of the SGWB can be measured with su�cient
precision even when NIJ(f) 6= 0 (i.e., noise correlation is
present)3. We exclude from the likelihood the channels
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expected to provide most of the information about the
noise auto-spectrum. Additionally, we fix the PSD to the
reference value provided in [11]. These choices, in prin-
ciple, should give to us conservative estimates. For ET
in the triangular configuration, we diagonalize the PSD,
using the AET basis [15, 16, 20]. In this basis, it is typ-
ically assumed that the T channel is used to estimate
the noise, as it is almost insensitive to the presence of a
SGWB [91]. Details on the transformation from the XYZ
to the AET basis are given in Appendix A. Similarly,
for the 2L configuration, we consider only one channel,
namely the cross-correlation between the two detectors,
as we assume that the auto-correlations are used to re-
construct the PSD. We can thus write down a Gaussian
likelihood in a form that includes both configurations
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where, in the case of ET in the triangular configuration,
we consider the pairs (I, J) = {(A,A), (E,E)}, while for
the 2L configuration, we use only (I, J) = (ET1,ET2).
In Appendix C, we derive the Gaussian likelihood of the
estimator, starting from the likelihood of the data, show-
ing the consistency of our computations by using di↵erent
likelihoods.

B. Data Generation

In this work, the signal and the noise are considered as
Gaussian random variables with zero mean and covari-
ance given by the PSD of the SGWB and noise respec-
tively. As stressed in the previous subsection, although
this is not expected to be true in a single time segment (at
least for some astrophysical sources) and noise artifacts,
the Gaussian approximation is valid once we average the
data over a large number of time segments. Therefore,
our analysis will not be altered by non-Gaussianities in
the single time segments of zero average, which will be
then neglected in the data generation. Thanks to the sta-
tionarity of the background and the noise, di↵erent fre-
quencies are uncorrelated, therefore we can sample the
data in each bin from (fmax � fmin)/�f independent
Gaussian distributions. In a similar fashion, the noise and
the SGWB in di↵erent time segments are sampled from
Nseg independent Gaussian distributions. Conversely, the
data in di↵erent channels are correlated, implying they
are generated from a multivariate Gaussian distribution.
More specifically, in a time segment t and a frequency bin
f , we write the data as
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time segment t of duration Tseg = 4 s, the SGWB, if of
astrophysical origin, could be non-stationary due to the
low number of sources contributing to the signal over such
a short period. Moreover, the noise may contain multiple
non-Gaussian contributions, due to glitches, seismic vi-
brations and scattering noise [84–87]. Furthermore, the
PSD of the noise introduced in Section III could vary
over time [88]. For these reasons, we perform a Bayesian
search for a stochastic background by introducing a time-
averaged estimator of a quadratic combination of the
data, as in [89, 90]. For two channels or detectors I and
J , the estimator used in SGWB analysis is
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units of the square of the data to those of the spectral
energy density of the SGWB introduced in Eq. (2). Av-
eraging over many time segments allows us to treat the
estimator of the SGWB as a Gaussian random variable,
due to the central limit theorem [14]. In Section V, we
discuss in more detail the choice of Tobs that justifies this
assumption. According to Eqs. (5) and (9), the average
of the estimator of the SGWB is
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ĈIJ(f)

E
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where �IJ is the normalized ORF. When the noise of two
interferometers are uncorrelated, as in the LIGO-Virgo-
KAGRA (LVK) case or ET in the 2L configuration, the
estimator introduced in Eq. (13) is an unbiased estima-
tor for the energy density of the SGWB [89]. In contrast,
when noise correlation is present, as in ET in the tri-
angular configuration, the correlation could introduce a
non-negligible bias to the estimated amplitude and tilt of
the SGWB. In [14] it has been shown that the variance of
the estimator is proportional to the SGWB signal itself
(intrinsic variance) and to the PSD of the noise,
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with Nseg ⌘ Tobs/Tseg the number of time segments used
in the analysis. The full likelihood of the data incorpo-
rates information from all I and J channels in the de-
tector network. However, in our analysis, we focus only
on the joint estimation of the SGWB parameters and, in
the case of ET in the triangular configuration, the cor-
related noise parameters, since we aim to show that the
parameters of the SGWB can be measured with su�cient
precision even when NIJ(f) 6= 0 (i.e., noise correlation is
present)3. We exclude from the likelihood the channels
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expected to provide most of the information about the
noise auto-spectrum. Additionally, we fix the PSD to the
reference value provided in [11]. These choices, in prin-
ciple, should give to us conservative estimates. For ET
in the triangular configuration, we diagonalize the PSD,
using the AET basis [15, 16, 20]. In this basis, it is typ-
ically assumed that the T channel is used to estimate
the noise, as it is almost insensitive to the presence of a
SGWB [91]. Details on the transformation from the XYZ
to the AET basis are given in Appendix A. Similarly,
for the 2L configuration, we consider only one channel,
namely the cross-correlation between the two detectors,
as we assume that the auto-correlations are used to re-
construct the PSD. We can thus write down a Gaussian
likelihood in a form that includes both configurations
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(ĈIJ � C̄IJ)2

⌃IJ

#
, (16)

where, in the case of ET in the triangular configuration,
we consider the pairs (I, J) = {(A,A), (E,E)}, while for
the 2L configuration, we use only (I, J) = (ET1,ET2).
In Appendix C, we derive the Gaussian likelihood of the
estimator, starting from the likelihood of the data, show-
ing the consistency of our computations by using di↵erent
likelihoods.

B. Data Generation

In this work, the signal and the noise are considered as
Gaussian random variables with zero mean and covari-
ance given by the PSD of the SGWB and noise respec-
tively. As stressed in the previous subsection, although
this is not expected to be true in a single time segment (at
least for some astrophysical sources) and noise artifacts,
the Gaussian approximation is valid once we average the
data over a large number of time segments. Therefore,
our analysis will not be altered by non-Gaussianities in
the single time segments of zero average, which will be
then neglected in the data generation. Thanks to the sta-
tionarity of the background and the noise, di↵erent fre-
quencies are uncorrelated, therefore we can sample the
data in each bin from (fmax � fmin)/�f independent
Gaussian distributions. In a similar fashion, the noise and
the SGWB in di↵erent time segments are sampled from
Nseg independent Gaussian distributions. Conversely, the
data in di↵erent channels are correlated, implying they
are generated from a multivariate Gaussian distribution.
More specifically, in a time segment t and a frequency bin
f , we write the data as
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Triangular Configuration
(XYZ to the AET basis)
(I, J) = {(A,A), (E,E)}

2L Configuration

(I, J) = (ET1, ET2)

(Gaussian) Likelihood
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Average of the estimator Covariance of estimator

Likelihood for correlated and uncorrelated configurations



SGWB Data Generation

hampl( f ) =
Tobs

2
3H2

0

10π2f 3
ΩGW( f )γij( f )

h( f ) = hampl (𝒩(0,1/ 2) + i𝒩(0,1/ 2))

Signal

Data stream

nampl( f ) =
Tobs

2
Nij( f )

n( f ) = nampl (𝒩(0,1/ 2) + i𝒩(0,1/ 2))

Noise

s( f ) = h( f ) + n( f )

 GW Cosmology with ET

Assuming that resolved sources are perfectly subtracted and neglecting time-frequency induced correlation

A. Ricciardone

Noise and SGWB in different time segments are sampled from Nseg independent Gaussian distributions.

Data in different channels are correlated, implying they are generated from a multivariate Gaussian distribution.



We implement our likelihood in Bilby and reconstruct the posterior using the Dynesty 
sampler

Accurate reconstruction of  and log10 AGW nGWPositive 
correlation

Negative 
correlation

Injected parameters: 

•  

•  

•  

•

log10 AGW = − 9
nGW = 2/3
r = 0.2
nnoise = − 8

Larger values of  
mean less power at 
low frequencies, which 
requires a smaller (i.e., 
more negative)  
to balance and fit the 
injected signal

nGW

nnoise

Since the chosen pivot 
frequency for the SGWB, 25 
Hz , i s h igher than the 
frequencies at which ET is 
most sensitive to the SGWB 
(~10 Hz), a larger retrieved 
value of  requires a 

larger value of  to 
fit the injected signal

nGW
log10 AGW
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PE Outcomes

A. Ricciardone



Accurate reconstruction of the SGWB

(To be tested also with noise agnostic searches)

the errors on the SGWB 
p a r a m e t e r s r e m a i n 
stable across this range

noise parameters become 
l e s s a c c u r a t e l y 
r econs t ruc ted as  

approaches 0 

rinj

 GW Cosmology with ET

PE Accuracy

A. Ricciardone

(Having a model for the noise)

Main message: correlated noise with smaller power is inherently harder to reconstruct. 



Neglecting correlated noise leads to biased reconstruction

The injected parameters are correctly retrieved only for , since there is no correlated 
noise in this case and the likelihood that neglects it is accurate.

rinj = 0

The presence of correlated noise completely disrupts the signal interpretation when using the 
incorrect likelihood that does not account for it
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PE Biased Results
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Triangular configuration is competitive to the 2L
(If noise is properly modeled)

Why the 2L performs slightly better? 

Mainly because the 15 km arms of the 2L provide better sensitivity 
to the SGWB compared to the triangle with 10 km arms. 

15
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Triangle vs 2L performance



How to approach the data analysis - Global Fit

• Large number of overlapping sources 
• Residuals from sources subtraction 
• Confusion from unresolved sources 
• One doesn’t cross-correlate like LVK 
• Prediction of the instrumental noise? 
• Artefacts: gaps in the data, glitches…

LISA Data Challenge 
Sangria dataset 

Courtesy of N. Karnesis, 
N. Korsakova, A. Petiteau, 

Challenges for data analysis

What we expect LISA to detect

ESA UNCLASSIFIED - Releasable to the Public LISA Definition Study Report - ESA-SCI-DIR-RP-002

optimisations.
Because the sources overlap both in time and in frequency, the search step must operate as a “global
fit”, simultaneously solving for the joint distribution of parameters for every source present in the data
(see Section 8.3.2). From this joint distribution it will be possible to construct marginal distributions
for individual events, and hence reconstruct the source waveforms, with uncertainties, accounting for
confusion with other sources (see Section 8.4). It will also be possible to compute the correlation
between pairs of events and to construct a distribution for the total signal component of the data
and the residual after subtracting this total signal component. This residual will be valuable when
searching for unknown sources.

8.3.1 Waveforms: current status and prospective

Figure 8.3: Shapes of the waveforms corresponding to the
GW emission of (from top to bottom): Massive BH binary
mergers; Extreme-mass-ratio inspirals; a single Galactic
binary; a typical stochastic process; and a cosmic string
cusp.

The accuracy of the waveform model that links
source parameters to observed data directly lim-
its the precision of LISA’s source reconstruction.
Waveform models are on a development path to
reach the accuracy needed to control the system-
atic errors. Methods already exist to fold uncer-
tainties into source reconstruction [311]. Most
GW sources in the LISA data are expected to be
compact objects in a binary configuration. When
isolated, and far from coalescence, such systems
are characterised by a set of 17 physical param-
eters. These are the masses and (3D) angular
momenta of the two binary components, the ec-
centricity and inclination of the orbit of the binary
and parameters characterising the sky location,
distance and orientation of the system relative to
the Solar System. For Galactic binary sources,
the model can be simplified as the signals will
be approximately monochromatic, with perhaps
one and at most two frequency derivatives de-
tectable, the effect of the spins being too small
to be detected. For some systems there could be
additional effects due to the environment, such

as tidal effects, magnetic effects and planets around Galactic binaries or accretion disc effects in
extreme mass-ratio inspirals (EMRIs). Models including such effects will have additional parameters.
Stochastic backgrounds, another type of sources, are characterised by a variable number of parameters
that describe the overall amplitude, and spectral shape.
Typical GW signals that we expect to find in the LISA data stream are illustrated in Figure 8.3.
Waveform modelling for LISA has a strong foundation in the development of such models for ground-
based observations, which has been used to detect GWs from binaries and to infer their properties
since 2015. Three main methods are used to compute waveforms from first principles, covering
different parts of the parameter space (see Figure 8.4).
Numerical Relativity (NR) solves the field equations directly, building on the 2005 breakthrough [62,
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• Large number of overlapping sources

• Residuals from sources subtraction  

• Confusion from unresolved sources  

• One doesn’t cross-correlate like LVK  

• Prediction of the instrumental noise?  

• Artefacts: gaps in the data, glitches...  

LISA Ground Segment - Italia

Develop a GLOBAL FIT pipeline for LISA 

(Similar approach for ET)

LISA data analysis 

ASI commitment to provide data center (HW + eng support), 
plus pipeline development
• “bottom up” opportunities for new groups to emerge
• requires Institute / Agency level resources

«LISA data challenge»
https://lisa-ldc.lal.in2p3.fr/

• LISA hardware has mature design and national agency commitments
• LISA data analysis is young, actively growing and still open to new groups

• possible solutions for extracting thousands of sources exist, but research rapidly 
expanding, from “TDI” initial data analysis to “global fit” to science interpretation

detected 
galactic 
binaries

known 
verification 

binaries

noise

SMBH 
mergers

credits to W.J.Weber

Cornish & Littenberg 2023

Marsat+,24  

Katz, Karnesis et al, ‘23 

Cornish, Littenberg, 23
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Pisa node



• All GW interferometers  have been initially conceived as GW astrophysics 
observatories, they have not been designed to do cosmology  

• However, they can provide new information on a variety of scales: from the Galaxy to 
Hubble scales, from the present time to the very early universe -> therefore they can 
be used as a cosmological observatory as well 

• We can have access to energy scales not accessible in any collider  

• We can test the late-time universe through the observation of the GW emission from 
compact binaries, and constrain cosmological parameters.

• Importance of including all detector layout effect in SGWB parameter estimation 

• A lot of cosmological expertise in this community to push forward on GW topics

A. Ricciardone 50

Conclusions

 GW Cosmology with ET



Thank you!
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