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Sources of GWs

Short duration

Long duration
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x 10" Example Burst Gravitational Wave
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Gravitational wave background

Superposition of random GW signals produced by a large number of
weak, independent and unresolved sources

- |
‘ /
/

Rotﬁﬁiné NS




GWB characterization

o Statistically:
probability
distribution or
moments

Assumptions

e |sotropic

o Stationary
Large number of e Unpolarized

iIndependent sources: ) ,
] . e Gaussian -
GWB IS GaUSS|an Right ascension [hours]

Declination [degree]
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GWB characterization

Fractional energy density
spectrum in GWs

Astrometry
BBN

current PTA
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ARR, and S. Kuroyanagi. 2024. Primordial Black Holes. Chap. 27.
Springer (link). Arxiv:_https://doi.org/10.48550/arXiv.2407.00205.



https://link.springer.com/book/10.1007/978-981-97-8887-3
https://doi.org/10.48550/arXiv.2407.00205
https://doi.org/10.48550/arXiv.2407.00205

LVK search for an isotropic GWB

Frequentist
Hybrid search <
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LVK search for an isotropic GWB

Cross correlation search

s1(2) =n1(2) + h1(2),
s2(t) =na(t) + ha(7) .

(51(f)s2(/"))




LVK search for an isotropic GWB

Cross correlation search

s1(2) =n1(2) + h1(2),
s2(t) =na(t) + ha(7) .

)

sa(f"))
(n; (f)h;(f)) =0
(i (f)n;(f")) = &




LVK search for an isotropic GWB

Cross correlation estimator
and variance

_ 2 Re|57(f)3s(f)]
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LVK search for an isotropic GWB

Cross correlation spectrum
(frequentist analysis)




LVK search for an isotropic GWB

Cross correlation spectrum
(frequentist analysis)
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LVK search for an isotropic GWB

Cross correlation spectrum
(frequentist analysis)

Overlap reduction function (ORF)
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LVK search for an isotropic GWB

Cross correlation spectrum
(frequentist analysis)




LVK search for an isotropic GWB

Noise power spectra

Cross correlation spectrum 10-20 | [ Virgo

(frequentist analysis) | | Hanford
) (. Livingston
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B. P. Abbott et al. (LVK), Phys. Rev. Lett. 119, 141101 12




LVK search for an isotropic GWB

Signal to noise ratio
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LVK search for an isotropic GWB

Signal to noise ratio
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LVK search for an isotropic GWB
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LVK search for an isotropic GWB
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LVK search for an isotropic GWB

o (L)
QGW(f) = Qaf (fref)

Signal to noise ratio

e o =0 :inflation, cosmic strings
e o =2/3:inspiral phase of CBCs
e o = 3:supernovae

2 T ) e fref = 25 Hz
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LVK search for an isotropic GWB

Gaussian likelihood




LVK search for an isotropic GWB

Gaussian likelihood

Frequentist versus Bayesian
analyses: Cross-correlation as an
approximate sufficient statistic for
LIGO-Virgo stochastic background
searches

AM and JR, Phys. Rev. D 103, 062003



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.062003

LVK search for an isotropic GWB

Gaussian likelihood

Frequentist results




LVK search for an isotropic GWB

Gaussian likelihood

Calibration uncertainties




LVK search for an isotropic GWB

Gaussian likelihood

Model assumed to describe

the GWB
E
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ARR, and S. Kuroyanagi. 2024. Primordial Black Holes. Chap. 27.
Springer (link). Arxiv:_https://doi.org/10.48550/arXiv.2407.00205.



https://link.springer.com/book/10.1007/978-981-97-8887-3
https://doi.org/10.48550/arXiv.2407.00205
https://doi.org/10.48550/arXiv.2407.00205
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Isotropic GWB




Current LVK results

e Data from O1-0O3

e H1, L1 and V1 data
e Frequency range: 20-1/26Hz

R. Abbott et al. (LVK), Phys. Rev. D 104, 022004
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Current LVK results

e Data from O1-0O3

e H1, L1 and V1 data HL is the most sensitive baseline
e Frequency range: 20-1726Hz
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Current LVK results

e Data from O1-0O3

e H1, L1 and V1 data Search is most sensitive to o = 3
e Frequency range: 20-1726Hz
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Current LVKresults "o/

o]ols at 957
Log-uniform prior
o 03 02 |43] Improvement
0 15.8x 1077 3.5x107° 6.0
2/3 |[3.4x1077 3.0x107° 8.8
3 3.9x107'° 5.1 x 107" 13.1
Marg,. || 6.6 x 1077 3.4 x 10° 5.1

-13-12-11-10—-9 —8 -7 —6 =5 —-15 =10 -5 0 5 10
log1 et c

R. Abbott et al. (LVK), Phys. Rev. D 104, 022004




Current LVK results

Upper limits at 25% CL

Log-uniform prior
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R. Abbott et al. (LVK), Phys. Rev. D 104, 022004




Constraints on the CBC
merger rate

UL on the BBH merger

rate beyond z = 2 at
90% credibility:

Median Estimate
90% Credible Bounds
- === Vangioni+ SFR

~ 10° Gpc™° yr~

R. Abbott et al. (LVK), Phys. Rev. D 104, 022004




LVK results - astrophysical
implications

===+ NSBH Upper Limit

| &= BNS and BBH ===+ Design HLV
1 =—=- Upper Limit with NSBH == Design A+

10t 10* 104
f (Hz)
R. Abbott et al. (LVK), Phys. Rev. D 104, 022004




LVK results - astrophysical
implications

(OBBHBNs(26Hz) = 7.241%:3 % 1010

===+ NSBH Upper Limit
BB EBNS 5
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i ==+ Upper Limit with NSBH == Design A+
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R. Abbott et al. (LVK), Phys. Rev. D 104, 022004




LVK results - astrophysical..........
implications

(OBBHBNs(26Hz) = 7.241%:3 % 1010

===+ NSBH Upper Limit
BB EBNS 5

.................................................................

| &= BNS and BBH ===+ Design HLV
i ==+ Upper Limit with NSBH == Design A+
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R. Abbott et al. (LVK), Phys. Rev. D 104, 022004
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Implications on cosmo sources

e Cosmic strings (LVK papers):
o Phys. Rev. D 97, 102002,
o Phys. Rev. Lett. 126, 241102
e First Order Phase Transitions (FOPTSs):
o ARR et al. Phys. Rev. Lett. 126, 151301,
o CB etal. Phys. Rev. D 10/, 023511

e Scalar Induced GWB (SIGWB):

o ARR et al. Phys. Rev. Lett. 128, 051301
o Stiff equation of state:

o HD et al. Phys. Rev. D 110, 103503
e Inflation:

o CB etal. Phys. Rev. D 110, 084063
e Domain walls:

o SB et al JCAP04(2023)008



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.241102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.023511
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.103503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.084063
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/008
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/008

Implications on cosmo sources

e Cosmic strings (LVK papers):
o Phys. Rev. D 97, 102002,
o Phys. Rev. Lett. 126, 241102
e First Order Phase Transitions (FOPTSs):
o ARR et al. Phys. Rev. Lett. 126, 151301,
o CBetal. Phys. Rev. D 10/, 025511

e Scalar Induced GWB (SIGWB):

o ARR et al. Phys. Rev. Lett. 128, 051301
o Stiff equation of state:

o HD et al. Phys. Rev. D 110, 103503
e Inflation:

o CB etal. Phys. Rev. D 110, 084063
e Domain walls:

o SB et al JCAP04(2023)008



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.241102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.151301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.023511
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.103503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.084063
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/008
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/008
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Implications on FOPTs

[—

=
]

e Nucleation temperature: Ty
e |nverse duration of the

logyp &
[ I

— |
=10

transition: B/Hy¢
e Strength of the FOPT: o
e Bubble wall velocity: vw = ¢

o
]

|
|}

%]

A
: g
‘ b
i S

el S :

| Erisfand o] Fode gt Fogry] [
= ﬂ('ic . <x1|*-: 2 3 :

5 !i\*l':,al v |/ | ]

-3 -2 =1 0 8 10-1 0 1

6 2
logy T’ 108;1[1 B/Hpt

ARR et. al., Phys. Rev. Lett. 126, 151301

loglﬂ aB/Hpt ]Oglo T

| — [=] —
|

3




Implications on FOPTS (v — (/7.0
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Implications on FOPTs

UL at 95% CL on
Qsw (25 Hz) of 5.9 x 107°

e Nucleation temperature: Ty i;_f};
e [nverse duration of the -‘—%ﬂjf .
transition: B/Hpt SR
e Strength of the FOPT: « E bl
e Bubble wall velocity: vw = ¢ i s H ...........................................................
log 1o et logg & log1o T logyy B/ Hyt

ARR et. al., Phys. Rev. Lett. 126, 151301




Implications on FOPTs

Tpt > 108 Ge
are excluded at 95% CL
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Implications on FOPTs
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Implications on the formation
of PBHs

log,o [ M, /g]
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Some challenges in LVK

e Correlated magnetic noise:
o Electronic mains
o Synchronisation to GPS
o Schumann resonances




Some challenges in LVK

101

e Correlated magnetic noise:
o Magnetic noise budget:
not harmful for current e
searches et

= ()3 20 PI Curve
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KJ et al. Phys. Rev. D 107, 022004



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.022004

Some challenges in LVK

15:»:10‘22
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e Correlated magnetic noise: | —BBH|
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LVK collab. Phys. Rev. Lett. 120, 091101



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.091101

Some challenges in LVK

x 107

- [—BNS|
—BBH]|

e Correlated magnetic noise:

o Magnetic noise budget:

not harmful for current
searches

e Non-persistent background:
o SS|: JL et al. Phys. Rev. D

107, 103026 B e T—————
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LVK collab. Phys. Rev. Lett. 120, 091101



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.103026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.103026
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.091101

Some challenges in LVK

e Correlated magnetic noise:

o Magnetic noise budget:

not harmful for current
searches

e Non-persistent background:
o SS|: JL et al. Phys. Rev. D
107, 103026
o TBS: https://dcc.ligo.org/
LIGO-G2500161
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LVK collab. Phys. Rev. Lett. 120, 091101



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.103026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.103026
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.091101

Future challenges in GWB search

e Cross-correlation method

assumes weak signal

.
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VK et al. The Next Generation Global Gravitational Wave Observatory: The Science Book. 2021.



https://hal.science/hal-03457420
https://hal.science/hal-03457420

Future challenges in GWB search

e Cross-correlation method

assumes weak signal i
e Astrophysical foreground
masking the cosmological 10-8
background =
é 10~
10-19

| == BNSand BBH
- Upper Limit with NSBH
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Future challenges in GWB search

e Cross-correlation method
assumes weak signal

e Astrophysical foreground
masking the cosmological
background

o Removal techniques

HZ, Phys. Rev. D 108, 089902

24


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.089902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.089902

Future challenges in GWB search

e Cross-correlation method
assumes weak signal

e Astrophysical foreground
masking the cosmological
background

o Removal techniques

o Astrophysical and
cosmological models have
large uncertainties




Future challenges in GWB search

e Cross-correlation method

Stochastic

assumes weak signal
e Astrophysical foreground
masking the cosmological
background
o Removal techniques

Instrument
Noise
Calibration

o Astrophysical and
cosmological models have

large uncertainties
e Computational challenges: e.g.:

global fit in LISA

MLK, Phys. Rev. D 111, 024060



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.024060

|sotropic searches in LVK
o Cross correlation search
o Bayesian inference
No detection yet - upper limits:
o Agnostic model
o Cosmological models

Estimation of the astrophysical

foreground — possible detection with A+

Future challenges to be further studied




News: GWTC-4 papers released

1. arXiv:2508,18083 [pdf, ps, other] [ENCRGALE or-ac

GWTC-4.0: Population Properties of Merging Compact Binaries

Authors: The LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration
Abstract: We detail the population properties of merging compact objects using 158 mergers fro
which includes three types of binary mergers: binary néutron star, neutron star--black hole binar
and under-densities in the black hele mass distribution; features persist at primary masses of..
Submitted 25 August, 2025 ariginally announced August 2025

Commenis: As part o tha J'l.'.ll-!:lll"'.:ll'..l al jourmdl LEttars FoOus 155ud on ihE Grivatlatssndd Wi | ranissént Catabog

Report number; LIGO-F2G00004

. arXiv:2508.18082 [pdf, ps, other] astro-ph.HE

GWTC-4.0: Updating the Gravitational-Wave Transient Catalog with Observ,
Virgo-KAGRA Observing Run

Authors: The LIGO Scentific Collaboration, The Virgo Collaboration, the KAGRA Collaboration
Abstract: Version 4.0 of the Gravitational-Wave Transient Catalog (GWTC-4.0) adds new candidat
through the first part of the fourth observing run (Oda: 2023 May 24 1500:00 to 2024 January 16
data, we find 128 new compact binary coalescence candidates that are identified by at least one
Submitted 25 Aupust, 2025 ﬂlrIEhI.:I“:" annauneeEd August 2025

Comments: As part of the Astrophwsical Journal Letters Focus Issue on the Gravitational Waee Transsent Catalog

Report number: LIGO-P24003B6

3. arXiv:2508.18081 [pdf, ps, other] (Bl  astro-ph.HE

4. arXiv:2508.18080 [pdf, ps, other) [ElRGE) astro-ph.HE

GWTC-4.0: Methods for Identifying and Characterizing Gravitational-wave Transients

Authors: The LIGD Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration, A, G, Abac, |, Aboue
Adhikarn, N, Adhikari, R, X. Adhikarn, V, K. Adking, 5. Afraz, D, Agarwal, M, Agathos, M, Aghael Abchouyeh, O, D, A

Apth, 5. Akcay, T, Akutsu, 5, Albanes), B, A, Alfaidi , et al, (1787 additional authors not shown)

Abstract: The Gravitational-Wave Transient Catalog (GWTC) is a collection of candidate gravitational-wave transier

the LIGO-Virgo-KAGRA Collaboration. Producing the contents of the GWTC from detector data requires complex a

techniques to model the signal; identify the transients in the data; evaluate the quality of the data and mitigate

Submitted 25 August. 2025 originally announced August 2025

Commenti: AL part of the Astrophysical journal Letters Foous Issue on the Gravitational YWave Transient Catalog

Report number; Li0-P2aD0E00

GWTC-4.0: An Introduction to Version 4.0 of the Gravitational-Wave Transient Catalog

Authors: The LIGD Scientifec Collaboration, the Virgo Collaboration, the KAGHA Collaboration, &, {, Abac, |, Abhoue

L, Adhikan, N. Adhukan, R, X. Adhukar, V. K. Adkins, 5. Afroz, D, Agarnwal, M, Agathos, M. Aghael Abchouyeh, Q. D, £
Akcay, T, Akutsu, 5 Adbanes, B A&, Alfach , et al, (1785 additional authors not showin)

Abstract: The Gravitational-Wave Transient Catalog (GWTC) is a collection of short-duration (transient) gravitation

KAGRA Collaboration in gravitational-wave data produced by the eponymous detectors. The catalog provides info

such as the arrval time and amplitude of the signal and properties of the signal's source as inferr.., © Maore

Submitted 25 Augutt, 2025 originally announced Augutt 2025

Comments: AL part ol thie Astrophyaicsl Jowrnal Letleds Foous 1Ssue on the Gravitational YWave Transient Catalop

Report number; LD-P2alDg 9
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Narrowband/broadband analysis

Cross spectral density

2 . , Broadband analysis
Cia(f) = fﬁ(f)Sz(f Y

Cross-correlation estimator

5 Re[Clz,f]

Y¢

~ y12(F)So(f)

Variance
2 1 Pl,fPZ,f

Y T 2TAf 2 (£)S2(F)




Current LVK results

e Data from O1-0O3

e H1, L1 and V1 data Smaller uncertainty for o = 3
e Frequency range: 20-1726Hz

Pﬂ“‘{!.’l’ Iﬂ“.’ ﬁ:qu]-::': []IH] {f"‘l.lrfll-"lfli:. £y frfr:;; [II.‘H.] E:-H'TLF.‘JIII.{] ‘FIEE 24003 [II:":-] {"';rﬂl.-i-ﬂ'ﬂ-'rﬂlilfl.llﬂ bl

0 97.7 229 £+ 98 58.0 —-134 = 63 76.6 1.1+ 7.5
2/3 117.8 145 £ 60 107.3 —82 + 40 90.6 —0.2 £ 5.6
3 375.8 9.1 4.1 J88.0 |—4.9& 3.1 291.6 —(0.6 = 0.8




Current LVK results

Log-uniform prior Best improvement for

o 03 02 |43] Improvement a=3:
0 b.8 x 107" 8.5 x10~" 0.0

| —9 —8 o R . .
?S -;;;1:11{?_1.;; g{f i }E_g @ e Signal recycling
Marg. || ﬂﬁ x 1077 3:4 x 1078 5 e Addition of V17




LVK results astrophysical
implications
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