Probing Cosmology with Einstein Telescope

Angelo Ricciardone

Department of Physics “E. Fermi”
University of Pisa

INFN - Sezione di Pisa

Dept. Physics Genova - April 30th - 2025 1



Latest Updates

e 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)

e In June 2023 Italian government present the Italian candidacy to host the Einstein Telescope
e On 25 January 2024 LISA has been adopted by ESA and construction will start in January 2025

e On 25 March 2024 ASI presented the LISA mission to the scientific community
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Outlook

Precision detection of the gravitational-wave spectrum is essential to explore particle
physics bevond the reach of particle colliders, as well as for understanding
astrophysical phenomena in extreme regimes. Several projects are planned and
proposed to detect GWs across more than 20 decades of frequency. Such a wealth of
data will provide a great opportunity to explore the universe in new ways during the
next decades and open a wide window on possible physics beyond the SM.
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Where we are - LVK

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

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

GWTC-3 catalogue: arXiv:2111.03606

The run O4a May 2023 - January 2024 (GW230529) e

The fourth run O4b+c has started in April
with Virgo online
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Where we are - PTA
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What are the plans for the LVK runs?

Advanced Virgo
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QUASI-CONTINUOUS DATA FLOW AT PROGRESSIVELY BETTER SENSITIVITY
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What are Gravitational Waves?

Rock in a pond

flat perturbation

Juv = Nuw T h';u/

linearized theory

. 167G
Ohpw = —— T,

C

Y

wave equation for the
perturbative metric term

two polarizations:
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What are Gravitational Waves?

Rock in a pond Merging COs in our universe
two polarizations:
, fI?t \ perturbation DBI“, _ 1()7/11'G TW
Juv = M T h';u/ ) e ) (
Y_ ':z"., P & "7
linearized theory wave equation for the R T L

perturbative metric term
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What are Gravitational Waves?

Rock in a pond Merging COs in our universe
two polarizations:
’ fI?t ‘ perturbation D}-l-uu _ 1()711'(; Tu,,
— + >
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linearized theory wave equation for the N (-

perturbative metric term
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Gravitational Waves:
waves of space-time curvature
that accelerate free-falling particles
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Gravitational Waves:
waves of space-time curvature
that accelerate free-falling particles
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“Indirect” vs Direct GW detection
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Polarization of CMB photons D'ist(')rtion of space as GW

through Thomson scattering detect
of electron and photon passes detector arms

' S _—

Only Tensor perturbations * - ground—based
| can source B-mode |

Poor and contaminated signal: - Space-based

- foregrounds - pulsar timing arrays

- gravitational lensing (E->B at small scales)
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Sources of Gravitational Waves

Resolved Sources: -BlackHoles

- Neutron Stars

- White Dwarfs

- Supernovae
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The Gravitational Wave Spectrum
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The Gravitational Wave Spectrum

THE GRAVITATIONAL WAVE SPECTRUM
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What we have learned about Cosmology so far?

- 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.)

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

Mg <

S Yo i —2{ r '.3
1.27 x 107" eV /c

—3-107" <¢g/c—1<6-1071°

- We have ruled out many Modified Gravity models used to describe the present

Cy =10 # ¢
acceleration of our Universe : = =
i General Relativity quartic/quintic Galileons [13, 14] )
—? quintessence/k-essence [46] Fab Four [15]
—g Brans-Dicke/ f(R) [47, 48] de Sitter Horndeski [49]
:E Kinetic Gravity Braiding [50] GL.9" 9" [51], f(¢)-Gauss-Bonnet [52]
L 3
| Derivative Conformal (19) [17] quartic/quintic GLPV [18] |
Disformal Tuning (21) quadratic DHOST [20] with A; # 0
. quadratic DHOST with A; =0 cubic DHOST (23]
LVK arxiv:2112.06861 < -
Viable after GWI170817 Non-viable after GWI1T0O817
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Where Is the horizon?
Horizon of GW Detectors

Years after the Big Bang
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Open guestions In Cosmology

Dark Energy

-~ Modified Gravity?
| |
Cosmic Tensions | Isotropy
| Testing
| HO measurements? | | Cosmological
I Principle

RESOLVED SOURCES SGWB
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Open guestions In Cosmology

Dark Energy

3

Modified Gravity?

Cosmic Tensions

J HO measurements?
|
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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

LExpected Launch: 2034

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

Arm Length: 10 km

'Expected to be operative in: 2034

mET collaboration officially launched

+ CE, DECIGO, BBO, Tailji, TianQin, etc

AdV -> Virgo-nEXT
New PTA data
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Einstein Telescope

But current LVK detectors have limitations: need to jump to next 10-22

generation detectors:

e Einstein Telescope (ET): _

o EU proposal for 3G observatory <

o Design study (baseline) triangle with arms of 10km 107%
e Cosmic Explorer (CE):

O

US proposal for 3G observatory

o L-shaped 40km interferometer

10724

[()23

ASD of strain [1/Hz"

ET and CE will provide an improvement in sensitivity by one order
of magnitude and a significant enlargement of the bandwidth

The current design of ET:

e single site located 200-300 meters underground in order to
significantly reduce seismic noise;

triangular shape, consisting of three nested detectors

e providing redundancy

® resolving the GW polarizations and a null stream

e ‘xylophone’ configuration: each detector consists of two

interferometers

o one tuned toward high frequencies (HF), and using

high laser power ET Design Report Update 2020

® o one tuned toward low-frequency (LF), working at

cryogenic temperatures and low laser power
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Einstein Telescope - possible designs

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

Different geometries are studied:
e 1 Triangular detector vs 2 L-shaped detector
e different arm length (10, 15, 20 km)

PAPER - OPEN ACCESS

Science with the Einstein Telescope: a comparison of
different designs

Marica Branches!'?, Michele Maggiore?®, David Alonso®, Charles Badger®, Biswajit Banerjee'”,
Freija Beirnaert’, Enis Belgacem®*, Swetha Bhagwat®®, Guillaume Boileau'®'", Ssohrab Borhanian'?
+ Show full author list

Published 28 July 2023 « £ 2023 The Author(s)

e 197 pages
e 75 authors

Journal of Casmaloqy and Astropgarticie Physics, Valume 2023, July 2023
Citation Marica Branchesi el al JCAPD7(2023)068
DO110.1088/1475-7516/2023/07/068

e Cryo LF may be challenging to achieve: HF+LF vs HF only
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Early Universe Cosmology with
Gravitational Waves



Probing the Early Universe

Cosmological Sources
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Inflation and Primordial GWs

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

-— . Solve Standard Big-Bang shortcomings
N\ Generation of TENSOR and scalar perturbations

Stretches the microphysics scales to super-horizon sizes

\/ GW are represented by tensor perturbation hl-j of the FLRW metric
: o d)

PoMB Oand reheating
=

two polarizations:

ds* = —dt* + a*(t)(6;; + 1. )dx"dz?

ke ‘1\"[1) C—l ] .Nest.im. SGWB Energy Density vs Detector PLS
CMB / LSS 10T—10"T | 56 — 63
y— & p—distortions 10°t—-10* {45-56| | [ A -\ LAy 1] Vacuum GW ]
P: — PBH - GW @ PTA 104 —10° | 41-—44 ( Lea
P - PBH - GW @ | |SA 10° — 10" | 38 —41 — Einstein Telescope
P - PBH 5 GWaQ@ FET 10" —10% | 35— 37 oo e
Ps, - GW @ PTA 10° —10% | 36 —40 — ska
Ps, - GW@ ET 10~ —10™ | 22— 28 NV B e
P(;g — GW @ AdvLIGO 10°° —-10'" | 16—17 I | LITEBird
— SRS == ‘ 10_18 | | 10“15 | | | | 10“10 | | | | 1(')“5 | | | | “I | | | | 105
f [Hz]

k LI§A/ET@¢§?}POSSibiIity to test regions for which we have poor information
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Inflation and Primordial GWs

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

Solve Standard Big-Bang shortcomings

Generation of TENSOR and scalar perturbations

Stretches the microphysics scales to super-horizon sizes

GW are represented by tensor perturbation hl-j of the FLRW metric
o ﬁ)

two polarizations:

reheating

PeMB Pand
-

-

Ad

ds* = —dt* + a*(t)(6;; +

k —I\IpC_l "?\Testim. l ,' _____ ;Mhms?rw
CMB / LSS 107 —10T | 56 — 63 yLT A s i
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P, - GWa@ ET 10" —10™% | 22— 28 W — DECIOO
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- S = 10 ,{Hzlm
f [Hz]
LISA/ETm} $»Possibility to test regions for which we have poor information
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Inflationary models producing such a signal

P
° ° ° é’ =
Axion inflation: 2f
10°
E S au FI Ful/ V /\I F G F‘uu g Sensitivities
- T u¢ ¢ 4 uy (¢) — ET
10¢ — BBO
[Barnaby & Peloso 1011.1500] % we — DECIGO
[Sorbo 1101.1525] =] — NANOGRAV
" — THEIA
The rolling axion strongly amplifies 10} . | — ska
the gauge field, which in turn rol 03 —a LIS"*_
produces a strong SGWB. N N ‘ = MR
=== SNR (ET + 2 CE)
s SNR (HLVK)
5 ﬁQR,o( Mél) (1 +4.3 x 10~ 7Ml§12§6 64"’5) for U(1) i i [ =115 1/55
GW = > — |k—1|=<0.1
%QRO(W{{; )H [1+ 2£w(27i;gﬂ (2-v2) s)e » ] for SU(2) o
or of i A2 <1072
d 3.0
Presence of other fields (e.g. axions) in the Early Universe
2:5
Testing fundamental physics (e.g. axion decay constant ) -
related to high energy physics 2.0 1053 T52 16e1
g
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GWs - Primordial Black Holes and Dark Matter

Large scalar perturbations source gravitational waves at
2nd order In perturbation theory when they re-enter the

horizon during radiation era

t Inflation g RD/MD
Scales
*.Horizon Ry =1/H
J>_ ;-...;--.,,,-.;:-n.,,-.»ﬁ,%p-ﬁzi,, Aonme
™ § ’ PBHs
(W) r-r\ | C @/ ; |
%\\ ; / ApBH
' 41
e Mppn = My = ﬁ(nH)_Ri
Image credit G. Franciolini Rehelatlng 3
' » Time

Early universe “Big bang”

[Tomita, K., 1967]
[Matarrese, S., et a., 1993]

hij + 2Hhi; — V7hij = 0(0iC0;C)  tomemn e

A. Ricciardone GW Cosmology with ET 21



GWs - Primordial Black Holes and Dark Matter

QGW = QradAZ?

Mpgn [Mg]
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GWs - Primordial Black Holes and Dark Matter

£2GW = QradAg

Mpgy [Mo)
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Phase Transition in the Early Universe

As the temperature in the very early universe decreases, there can be

several PTs: QCD, EW....Beyond Standard Model?

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

Processes

- Bubble collisions
- MHD Turbulence

- Sound Waves

[Caprini C., et a '16, ' 19- LISA CosWG paper]

Y L]
PR P TP N T e |

10 1 10 102 103 10"  10°
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a+b)° fhear f*
QGW(f)OC ( m) peakm .

(bf peﬁak+a'f : )

Foeik & O(1) %.107° ! @
Hre@ 100GeV
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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

2\ A
) i 2 2 2 S S 4 hs 92
Simplest extensions of the SM Vireo(®, 8) = _Iuhq)T(I) + )\(CDTCI)) + MS? + ZS + ; s CIDTCID,
BSM parameters(couplings,masses...) = (a, 3, Treh; V)
(@, B, Trehy Vw) = (fpeaks Lpeak, GW spectrum).
1010§ ' ' LIS B L | ' ' ' LA | v v USRI T T UL LB H | : 1 LOSE LS LY | v ’ LI
f ——p/H =10 3 R Teeh = 100 TeV
10 years __| reh 0 ars
0% ... B/H = 100 _————— 10° T, = PeV o oleccess
3 - 1-year ] ; PP S 1 year E
— 108: > 3 e :
2 : :
= 107 T
— 106;\ .
el il 10 years
1072 1071 1 10
(94
(04
® 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 Aps St coupling
mS Singlet mass

ET Blue book 2503.12263 (PT)
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Late Universe Cosmology with
Gravitational Waves



Where Is the horizon for 3G detectors?
Horizon of GW Detectors

Years after the Big Bang
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Where Is the horizon for 3G detectors?

Horizon of GW Detectors
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Einstein Telescope: |
| BBHs up to cosmic Dark Ages (z > 30) |
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From 2G to 3G detectors: ET and LISA

Strain noise amplitude (1/v H=z)

10M
thNl/dL fgWleHZ( M )
10—18 E T
] \
] \
1019 = \\
§ \ ’
\ BBH binaries R4
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\\ —— \ GW150914
_ \ /
102 oo n
\_M
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— aLlGO (2G) 2 ‘\'\
10—23 4 aVirgO (ZG) % s
— KAGRA (2G) o \ \
a1 ET (3G) 1) .\ :
107"y —.- CE (3G) 3 :
- == LISA (space) _ :
10_25 T LR oo oo LRI LR T T
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ET BBH
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Using GWs as Standard Sirens

cz = Hy x dj,
Luminosity distance
redshift

Hubble constant

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

* With standard sirens:
dr, from GW measurements;

Z from, e.g. electromagnetic measurements (if have an optical counterpart, and
know the host galaxy, can determine z).

=> independent measure of H|
Cosmology via the distance-redshift relation

... but no redshift measurement with GW data alone
(Degeneracy with masses)
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Using GWs as Standard Sirens - Redshift Information

Bright Sirens Dark Sirens Spectral sirens
An EM counterpart is No EM counterpart No EM counterpart
observed. Galaxy or galaxy survey is
observed and used to .
obtain the host galaxy surveys are used to used. Features in the
‘edshift provide redshift mass distribution
' estimates for potential of the GW population
host galaxies. break the mass-

redshift degeneracy.

Mass Probability Distribution

[Bap] D30

(Holz & Hughes 2005) (Schutz 1986, Del Pozzo 2012) (Chernoff & Finn 1993)
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CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 = 0.53
Pogosian et al. (2020), eBOSS+Planck Q,H?2: 69.6 = 1.8
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Ho =67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+5:23
finshaw et al. (2013), WMAP9: 70.0 £ 22

No CMB, with BBN

D’'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 £ 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9 +1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), P(k)+CMB lensing: 70.6*2:}

Cepheids — SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 2.7

Riess et al. (2019), R19: 74.0+ 1.4

Camarena, Marra (2019):

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017), NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16: 73

Cardona, Kunz, Pettorino (2016), HPs: 73.
Freedman et al. (2012): 74.3
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Soltis, Casertano, Riess (2020):
Freedman et al. (2020): 69.6

Reid, Pesce, Riess (2019), SHOES: 71.1
Freedman et al. (2019): 69.8

Yuan et al. (2019): 72.4 =

Jang, Lee (2017): 71.2 £ 2.5

Miras — SNila
Huang et al. (2019): 73.3 +4.0

Masers
Pesce et al. (2020): 73.9 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +£2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 +4.1

SNII
de Jaeger et al. (2020): 75.8*33

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 + 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8+3
Birrer et al. (2020), TDCOSMO+SLACS: 67.4+41, TDCOSMO: 74. 5+§§
Yang, Birrer, Hu (2020) Ho=73. 65"12
Millon et al. (2020), TDCOSMO: 74.2 + 176
Baxter et al. (2020): 73.5+5.3
Qiet al. (2020): 73.6:1:8
Liao et al. (2020): 72.8%}
Liao et al. (2019): 72.2 2.1
Shajib et al. (2019), STRIDES: 74. 2"qq
Wong et al. (2019), HOLICOW 2019: 73.3%
Birrer et al. (2018), HOLICOW 2018: 72.5:31
Bonvin et al. (2016), HOLICOW 2016: 71.97%3

Optimistic average

Di Valentino (2021): 72.94 +0.75

Itra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 = 1.1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73. 4+}’533
Mukherjee et al. (2020), GW170817+ZTF: 67.6%

Mukherjee et al. (2019), GW170817+VLBI: 68. 3*5%
Abbott et al. (2017), GW170817: 70.0+}
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[GWCT3 - LVK+, ApJ 949 76 (2023)]
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0.01 -+

H,=68+8-6
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—— GW170817
~-++ Empty catalog
wess K-band with GW170817
=== K-band
Planck
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H, =67 +14 13
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80
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120 140

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

~5\sigma tension between low and high redshift measurements of the Hubble parameter
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Posterior joint distribution on Hpand Q, o

H_0 accuracy dependence VS redshift error of the galaxy catalogue

0.45 : 20.0
! — ET+CEl
: — ET4+CE14+CE2 17.5 A
0.40 : =
| = 15.0 -
! 9
I ©
0.351 S 12.5 -
O
g ©
G - ]
S 10.0
0.301 v
: 8 7.57
I c
| :
0.251 I 5 5.0 A
! a
: 2.5 A ® spec-z
| .
0.20 | ) | Muttoni (?t al. 2023 Borghi et al. 2024 ® photo-z
0.66 0.67 0.68 0.69 0.70 0.0 +- ——rr} : —
h 1075 104 1073
Fiducial scenario Localization volume [Gpc?]
e 1 year of observation
e Full duty cycle
e Loudest GW event localization N Ah/h (%) AQm/Qm (%)
Network z<1 z <1 z <1
e Complete galaxy catalogue (generated z<1lz<3|]| z2<1 _ z <3 z <1 . z <3
using L-Galaxies running SAM on the fixed Q2 single-host single-host
Millennium simulation) 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)
e Halo mass resolution (2 x 1010 Mo) ET+CE1+CE2|| 278 | 348 (0.8) 1.7-2.1 (2.7-3.3) |0.4 (0.7)]|6.1 (10.0) - 5.3 (8.7)

e Box size (685 Mpc)
[D. Izquierdo-Villalba et al 2019]

;

0.2 (0.3)

Expected cosmological constraints at the 68% (90%) CI for multiyear 3G observations estimated from the 1 year fiducial results
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Using GWs to Constrain Dark Energy

If the Dark Energy equation of states evolves in time

PDE (2

Lo

di(2) = 4 (

0 l+Z)/€; \/Q_\q(1+5)3

+ Qr(1+ 2)*+ Oy

- wpg(2) = wg w
| DE( ) 0 1 S a
Configuration | Awg | Aw,
A-10km 0.49 | 3.81
A-15km 0.40 | 2.65
2L-15km-45° | 0.35 | 2.55
2L-20km-45° | 0.34 | 2.40

) / dz
= () 3
DE €XP o 112

‘ dL(z—-— (1+2)

Linder parameterization

joint GW+EM events obtained with ET+THESEUS, 5 yrs observation

ppE(2) = wpr(2)ppE(2)

11+ wDE(g)]}

\/QM 1+z)3-*-QR 1+z)4+PDE( )/PU

3

Einstein Telescope with 10™ bright sirens

A 10km
A 15km
2L 45° 15km
2L 45° 20km

ET CoBA document
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Cross-correlation between GW and LSS (ETxEuclid)

‘1 XY 2 2 X,z Y,x;
Ol (g, 7)) = — /dk k= P(k)A; 7 (k)A, ™ (k)
|
|
ET 2L 45° 15km + 2 CE
0318
— All free All nuisance . . .
g LY Parameter barametors free Fix Q | Fix Ag,ns | Fix Qp, Ag, ng
o Fix.As, m, ET 2L 45° 15 km + 2CE
| Fix 0y, Av. 1y Hy 0.8 0.75 0.55 0.47
0,312 Qi 9.3 4.9 2.6 1.2
3 ET A 10 km + 2CE
el Hy 0.8 0.79 0.6 0.53
— Qun, 5.3 4.9 2.6 1.2
1. 300 4
0,304 4
o ~ % level precision with one year of observation
o e G ;i[:-_,._h“\.m:T-'lT .\ll)[_“?.l} s S e —e— FEuclid Photometric —#-- Fuclid Spectroscopic —4— SKA
(sky coverage of 15,000 square degrees and ~1.6 x 10"9 observed galaxies) 6
X
Photometric sample of the Euclid satellite mo 4 -
~—
(@)
AN
<9
0= : : :
D 10 15 20
Number of bins
Pedrotti et al ArXiv 2504.10482 Ongoing forecasts for ETxEuclid SkyFast pipeline - in preparation
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Impact of ET Correlated Noise on
SGWB searches

Based on ArXiv: 2501.09057
(I. Caporali, G. Capurri, W. Del Pozzo, AR, L. Valbusa Dall’Armi)



Einstein Telescope - possible designs

Triangular Configuration 2L Configuration

ET 3 c The Netherlands

ET

N

®
10 km D K\
i‘& \\ Sardinia
C .
Aﬁ;& 165 km s ET
B ~-100 m s‘s
2\
+—p

[ET CoBa paper JCAP, vol. 07,2023]
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Correlated Newtonian Noise

Newtonian noise is a disturbance produced in GW detectors by
local fluctuations in the Gravitational field

Local fluctuations generated . |
by changes in density of »  Originated by passing
rocks SISmIC Waes

o ‘L’Bmlv\\uw- f
— ET-Xylophone ‘
= S Bodywave, Peterson ‘

Body aves Surface Waves
(Rayleigh Waves)

, Undergrund colocated §
t interferometers will only §
¢ be affected by this effect §

10° 10" 10°

Frequency [Hz|

[Janssens et al. arXiv:2206.06809]
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Impact of Correlated Noise on PE Resolved Events

‘ CORRELATED LIKELIHOOD
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Neglecting these correlations may significantly reduce the accuracy of the Chirp mass reconstruction.

[F.Cireddu et al. arXiv:2312.14614]
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Impact of Correlated Noise SGWB

Correlated noise is a threat to all the possible Astrophysical and
Cosmological sources of SGWB

_ 1 dpgw Qow(f) =Agw <%>

GW —
p. dlogf |
Power Law Behavior
0
10 =wme Planck = SMEBHs l7
D o N s Cosmic strings ,'
107°q|==- PPTA —— FOPTs
- |ISA e Stellar-mass CBCs ———x ET A 1 day
10 g 4]== LVK O3 == |nflation
—  GW spectrum
il | (VP S - Excluded Region
—~ .
T 1077 %
] » c
“) 11} (.\‘C
19 Z

10—14 -

GWEIRD

10716 e e, . ~ N1 N2 13
102 107" 10" 10% 10% 10°% 102 10 10 10 10 10 I]”Q
f/Hz Frequency [Hz] B

[I.Caporali, A. Ricciardone to appear]
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Noise Covariance Triangular configuration

()
Nd(f) No(f) No(f)
NIJ(f): No(f) Nd(f) No(f)
No(f) No(f) Na(f)

~1/2 < N)INf) < 1

Correlated noise template

f

No(f) = Ng(2.75Hz) r (2075 T

Neolr=02)

) Nnoise

1009+ - - v
— A 0.2 ] — Notr=0.2)
1074 g
j0-*4
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Noise Covariance 2L conf

I

ET L Sardinia - Auto PSD

ET L Sardinia x ET L The Netherlands - Cross PSD {uncorrelated)

107 1077
— No
107 107 4
1038 4 1053 4
g 10-41 ": 10-41
[w (=]
£ £
N = (VU0
O ( f ) 10747 4 10747 4
10-5° - T 10-%2 T 443 N
10° w0t 10° 107 10" 10} w07 10%
Frequency [mz| Frequency [Hz2]
ET L The Netherlands x ET L Sardinia - Cross PSD (uncorrelated| g ET L The Netherlands - Auto PSD
1052 1072
. . . - G — Ny
Neglecting correlated magnetic noise
)(l':"‘ lﬂ":"
IC'“ 4 1079 o
£ 1041 E 1041
o o
€ &
1 e 10~
lo,,,,\ lo,.a.‘
10~ T 10750 Y
10° 10t 10° 10° 10° 10? w0 100
Frequarcy [Hz| Frequency [Hz)
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Likelihood for correlated and uncorrelated configurations

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

A 2
C — R[5, F)5(L, [Abboct)t e; a;.1903.02886]
U(f) Z TobsSO(f) [ I( f) J( f)] [Abbott et al. 2101.12130]

! =time segments

TSeg =4s
TObS — lday
S (F) = 3H;
olf) = 1072f3

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
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Likelihood for correlated and uncorrelated configurations

Average of the estimator Covariance of estimator
] . : 12\ CuCuy+C2
Cri(f) = <CIJ(f)> =15 (f)Qcw(f) + ]\g)J((f];) Yrs(f) = <[CIJ(f> - CIJ(f)} > = 2%5; -

(Gaussian) Likelihood

_ H exp - 1(Cry—Crpy)?
\/QWZIJ 2 E[J

Triangular Configuration 2L Configuration
(XYZ to the AET basis)
(1, J) = {(A,A), (E,E)} (I, J) =(ET1, ET2)
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SGWB Data Generation

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.

| Signal

H2

Tobs
hampl(f ) =

2 10 2f3 GW(f)}/l](f)

Data stream

() = oy (m(o,l/\/i) + i/V(o,l/\/E)) ‘

|

L

Noise

T
nampl(f) — \/ ObSN (f)

n(f) = Nymp) (/V (0,1/4/2) + i/V(o,l/\/E))

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

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

A. Ricciardone
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PE Outcomes

We implement our likelihood in Bi | by and reconstruct the posterior using the Dynest y
sampler

—9.00+3:9

Positive
correlation

Since the chosen pivot
frequency for the SGWB, 25
Hz, is higher than the
frequencies at which ET is
most sensitive to the SGWB
(~10 Hz), a larger retrieved

Negative
correlation

0.20*8:39

value of ngyw requires a

larger value of log,;y Agw to

fit the injected signal Larger values of ngw

mean less power at
low frequencies, which
requires a smaller (i.e.,

—7.9915%54

Injected parameters:

more negative) 1 ;.

to balance and fit the

- logigAgw =—9

* Ngw = 2/3 .. d . I
i Injected sigha

. r=0.2 K Qv J 9

e N = — 8 New

noise
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PE Accuracy

Accurate reconstruction of the SGWB
(Having a model for the noise)

—o— X=Agw —O— X=r the errors on the SGWB
10-1 1 X=nNgw X=Nnoise parameters remain
] /S’(’Hble across this range

€
_ zé 1072 1
noise parameters become © '

less accurately

reconstructed as ry,

approaches 0
10_3?

0.4 -02 0.0 0.2 0.4 0.6 0.8
Finj

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

(To be tested also with noise agnostic searches)
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PE Biased Results

Neglecting correlated noise leads to biased reconstruction

504
404
30+
20+ |
10+ : r=-0.4
: r=-0.2
0~ T : T — | "4 A 1 T 1 1 " | r=0
-11.6 -11.4 -11.2 -9.4 -9.2 -9.0
10910 AGw r=0.2
r=0.4
20+ r=0.6
r=0.8
154 [ Injected value
10+
. |
0“ I i i e A f ST e | 5
-4.5 -4.0 -3.5 0.5 1.0 1.5

The injected parameters are correctly retrieved only for Finj = 0, since there is no correlated
noise in this case and the likelihood that neglects it is accurate.

14
The presence of correlated noise completely disrupts the signal interpretation when using the
iIncorrect likelihood that does not account for it

A. Ricciardone GW Cosmology with ET



Triangle vs 2L performance

Triangular configuration is competitive to the 2L

(If noise is properly modeled)

— A 10km
—— 2L 15km 0°

I
|
L
]
|
|
]
|
|
I
]
|
|
]
|
|

l0g10Acw New

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.
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How to approach the data analysis - Global Fit

[Massive BH Binary Merger] ¥ T T
— Fall Galaxy |
WW/\/\W Verthivation bzanies |
L { ° Residuals from sources subtraction

~ MBHDs |

|Extreme Mass-Ratio Inspiral |
o *
“ “ " H N l l H I “ W il W " N I ' ®  Confusion from unresolved sources

o *®

5 ® Large number of overlapping sources

\
Galactic Binary |

[Stochastic GW Background) e _ : SAEPL 'af ‘X\
' p—— )://;. S 1//:/‘ 4 : 4 L\
[Cosmic String ] = /,7/—/"4: AL \
AL/\,A/\M’\"'“\‘J /// k\\*
) Frevenov THzx! -

LISA Ground Segment - Italia o
f detected
_ _ : | i
Develop a GLOBAL FIT pipeline for LISA 10205 g.alacfuc
; binaries
Pisa node < 1023
. - X ‘ii-f:; SMBH
(Similar approach for ET) 10-22 S T | mergers
- known
e T i 'verification
Cornish, Littenberg, 23 ‘ll binaries
Marsat+,24 s "2
10 10
Katz, Karnesiset d, ‘23 f o Cornish & Littenberg 2023
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Conclusions

e 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.

e 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
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Thank you!



