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Plan of the talk

• a look to gravitational wave detections and selected science 
questions

• short term plans by LIGO-Virgo-KAGRA 

• a glimpse into the 2030s and multiband GW astronomy
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Plan of the talk
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http://gwplotter.com/
Moore+ Classical & Quantum Gravity, 32(1):015014 (2015)

http://gwplotter.com/
https://agenda.infn.it/event/28874/contributions/169407/attachments/92882/126586/Fedderke_ICHEP2022.pdf


advanced interferometric detectors in operation
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coordinated plans at: 
https://observing.docs.ligo.org/plan/

All data is public: 
Gravitational Wave Open Science Center

https://observing.docs.ligo.org/plan/
http://www.gw-openscience.org/


All data is public: 
Gravitational Wave Open Science Center

first 5 years: from GW discovery to GW astronomy
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all detections consistent with compact binary mergers
LIGO-Virgo-KAGRA Publications

http://www.gw-openscience.org/
https://pnp.ligo.org/ppcomm/Papers.html
https://agenda.infn.it/event/28874/contributions/171013/attachments/94081/128597/ICHEP_direnzo.pdf
https://agenda.infn.it/event/28874/contributions/171633/attachments/93863/128227/20220707_ICHEP2022_impactExtEnv.pdf


first 5 years: from GW discovery to GW astronomy
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plots from catalog.cardiffgravity.org :
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Gravitational Wave Transient Catalogs:

GWTC-3 arxiv:2111.03606 GWTC-2.1 arxiv:2108.01045

All data is public: 
Gravitational Wave Open Science Center

Peak luminosity of BBH mergers   1-5 e56 erg/s
 1e-3 of the upper limit set by GR ( Planck Luminosity)

https://catalog.cardiffgravity.org/
http://arxiv.org/abs/2111.03606
http://arxiv.org/abs/2108.01045
http://www.gw-openscience.org/


first 5 years: from discovery to GW astronomy
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90 confirmed detections of compact 

binary mergers. 

source classification based on 

mass estimates:

 mostly BBHs

 3 Intermediate Mass BH: remnant 

masses > 100 𝑀⨀

unveiling the 

distribution of 

BH masses

power law + 

peak

LVK 
arxiv:2111.03634

GW190521

• remnant: first direct observation of a  150 𝑀⨀ BH

• higher mass progenitor: first direct observation of a BH in the 

pulsational instability mass gap, [65,120] 𝑀⨀

LV Phys. Rev. Lett. 125, 101102 (2020)

http://arxiv.org/abs/2111.03634
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102


first 5 years: from discovery to GW astronomy
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90 confirmed detections of compact 

binary mergers. 

Source classification based on 

mass estimates:

 mostly BBHs

 3 Intermediate Mass BH

 2 ??-BH: lower mass component 

in between NS and BH mass 

ranges

 3 NS-BH

LVK Astrophys. J. Lett. 915, L5 (2021)
+1 marginal trigger (single detector)

LVK arxiv:2111.03634
G2102416-v2

GW190814
LV Astrophys. J. Lett. 896, L44 (2020)

https://iopscience.iop.org/article/10.3847/2041-8213/ac082e
http://arxiv.org/abs/2111.03634
https://dcc.ligo.org/LIGO-G2102416/public
https://iopscience.iop.org/article/10.3847/2041-8213/ab960f


first 5 years: from discovery to GW astronomy
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90 confirmed detections of compact binary 

mergers. 

Source classification based on mass 

estimates:

 mostly BBHs

 3 Intermediate Mass BH

 2 ??-BH

 3 NS-BH

 2 BNS

GW190425

total mass much 

higher than that of 

known galactic BNS

LV Astrophys. J. 

Lett. 892, L3 (2020)

GW170817
& GRB170817A & AT2017gfo

still the only multimessenger one in 

the GW Transient catalog
Phys. Rev. Lett. 119, 161101 (2017)
Astrophys. J. Lett. 848, L12 (2017) ………

LV Phys. Rev. Lett. 
121, 161101 (2018)

Astrophys. J. Lett. 848, L13 (2017)

https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
http://iopscience.iop.org/article/10.3847/2041-8213/aa91c9/meta
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161101
http://iopscience.iop.org/article/10.3847/2041-8213/aa920c/meta
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first 5 years: investigating gravity

Testing General Relativity 

LVK arxiv:2112.06861

 consistency tests of predictions vs 

data 

 consistency checks of GW 

emission model using different data 

portions (inspiral-merger-ringdown)

 tests of GW generation

 check of BH properties

 tests of GW propagation 

see more in L.Haegel talk

e.g. modified dispersion relation:

massive graviton:

deviation in 

remnant mass
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http://arxiv.org/abs/2112.06861
https://agenda.infn.it/event/28874/contributions/169396/attachments/94766/129925/20220709_ichep_gw_propagation_haegel.pdf
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first 5 years: cosmology and dark matter searches

Hubble constant

 GW170817 + AT2017gfo 

 dark sirens (BBHs + galaxy catalog)

 combined

Dark matter searches

 direct search for sub-solar-mass BHs

LVK arxiv:2111.03604

limits to the 

fraction of 

dark matter 

in primordial 

BHs

LVK arxiv:2109.12197

 direct search for ultralight scalar 

boson clouds around Kerr BHs

LVK Phys. Rev. D 105, 102001 (2022)

http://arxiv.org/abs/2111.03604
http://arxiv.org/abs/2109.12197
https://link.aps.org/doi/10.1103/PhysRevD.105.102001
https://agenda.infn.it/event/28874/contributions/171909/attachments/94772/130027/ICHEP2.pdf


upcoming observations
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coordinated plans at: 
https://observing.docs.ligo.org/plan/

LIGO INDIA is expected to 
join in this decade

Light travel times [ms] LIGO 

“A+”

Virgo

“Adv+”

KAGRA

detection rate  (range)3 i.e. surveyed volume

 almost 1 merger / day  a few mergers / day

https://observing.docs.ligo.org/plan/


2G detectors upgrades: Advanced Virgo +
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credits: V. Fafone, EAS 2022



2G detectors upgrades: Advanced Virgo +
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decrease thermal noise
(larger beams, new optical coatings)

signal recycling cavity

(double recycled interferometer) 



post-O5 concept study
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LIGO and Virgo are evaluating how to exploit current infrastructures for observations in the early 2030s

• readiness/cost/impact of more detector upgrades

LIGO A# Voyager (cryogenic) Virgo_nEXT

• R&D synergies and risk mitigation with 

future generation detectors 3G

more in P.Puppo’s talk at the XII ET Symposium, June 2022 
https://indico.ego-gw.it/event/411/

https://indico.ego-gw.it/event/411/


a glimpse into the 2030s

G.A.Prodi, ICHEP2022, Bologna 16

adapted from “Astro2020” 
Pathways to Discovery in 
Astronomy and Astrophysics in 
the 2020s
Committee for a Decadal Survey 
on Astronomy and Astrophysics

• these are future expectations for known populations of sources, 
• there are high expectations for new source classes and phenomena yet to be discovered and measured



a glimpse into the 2030s: Earth based detectors
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GWIC 3G reports 
https://gwic.ligo.org/3Gsubcomm/

Cosmic Explorer: https://dcc.cosmicexplorer.org/P2100003/public
Einstein Telescope: http://www.et-gw.eu

https://gwic.ligo.org/3Gsubcomm/
https://dcc.cosmicexplorer.org/P2100003/public
http://www.et-gw.eu/
https://agenda.infn.it/event/28874/contributions/169377/attachments/94027/128476/Mancarella_ICHEP.pdf


a glimpse into the 2030s: LISA
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• (Super) Massive BH mergers detectable in all the 
accessible Universe [103, 107] 𝑀⨀

• Milky Way: some 104 discernable binaries + foreground
• Extreme Mass Ratio Inspirals: compact object 

inspiralling and plunging into a (Super) Massive BH. 
Enable a precise 
mapping of Gravity 
and precise 
tests of MBH 
characteristics

Astrophysics with LISA 
arXiv:2203.06016

target mission adoption: end of 2023

https://arxiv.org/abs/2203.06016
https://agenda.infn.it/event/28874/contributions/169377/attachments/94027/128476/Mancarella_ICHEP.pdf


a glimpse into the 2030s: multiband GW astronomy
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Tracking the entire mass spectrum of seeds of SMBH

ET LISA

higher precision tests of General 
Relativity over 5 frequency 
decades (GW generation, 
propagation, …)



remarks
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• LIGO-Virgo-KAGRA observations are unveiling populations of compact object binaries, 
enabling investigations in astrophysics, gravity, cosmology and dark matter

• the GW detection rates of known sources will increase steeply as the surveyed volume 
of Universe. This will boost also multimessenger observations as well as investigations of 
equation-of-state of NS matter.

• future higher precision observations and yet-to-be-observed phenomena will enable 
new science.

• multiband GW astronomy across 12+ orders of magnitude in frequency will bloom in the 
next decade

ACKNOWLEDGEMENTS: this material is based upon work supported by NSF’s LIGO Laboratory which is a major facility fully funded by the National Science Foundation. 
The authors gratefully acknowledge the Italian Istituto Nazionale di Fisica Nucleare (INFN), the French Centre National de la Recherche Scientifique (CNRS) and the 

Netherlands Organization for Scientific Research (NWO), for the construction and operation of the Virgo detector and the creation and support of the EGO consortium. …
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http://gwplotter.com/
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http://gwplotter.com/


investigating gravity
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investigating gravity 2
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Gravitational Wave Detectors
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LIGO/Virgo/KAGRA: in operation LISA: preparing the mission

Size 3-4 km 2.5 × 106 km

Frequency 10 Hz ÷ few kHz 20 μHz ÷ 1 Hz

25

3-4 km

international endeavors



post-O5 concept study
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LIGO and Virgo are evaluating how to exploit current infrastructures for observations in the early 2030s

• readiness/cost/impact of more detector upgrades

Virgo_nEXT LIGO A# Voyager (cryogenic)

https://indico.ego-gw.it/event/411/


weak-field linear approximation of General Relativity: gab = hab + hab |hab| << 1
oversimplified separation between GWs and static space-time in the background

• analogies with electromagnetic waves:
light speed, transverse, 2 polarization components

• peculiarities of GWs:
tidal deformations of extended bodies, no measurable local effect

Gravitational plane Waves far away from sources
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𝐿
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GW amplitude is
strain:
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Effect on free 
test masses:

tensor polarizations  𝒉 + 𝒉 x   rotated 

by 
𝜋

4
in the wavefront plane:
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Sources of Gravitational Waves

 mass-Dipole Moment, [M R], position of the Center of Mass of the system:
“almost forbidden” dipolar emission of GWs from isolated systems

 leading order emission is mass-Quadrupole Moment 𝑸𝝁𝝂 , [M R2] :

GW Luminosity is driven by ሸ𝑄𝜇𝜈 ≠ 0
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 generating detectable GWs as in Hertz-like experiment is NOT feasible

 astrophysical sources (e.g. Hulse & Taylor binary pulsar) are emitting in 
agreement with General Relativity

PSR 1913+16

Nobel Laureates 1993



GW150914: the first direct observation
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PRL 116, 061102 (2016) 

unexpected signal: detected first 
by wide-scope transient search 
not assuming waveform model

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102

