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LOOKING OUT THROUGH 
A NEW WINDOW ON THE UNIVERSE

doing science with gravitational waves



FIRSTS - GW150914
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First direct detection of 
gravitational waves (100 years 
after Einstein's GR and 
Schwarzschild solution) 

First observation of black 
holes through GW

First observation of the largest known 
stellar mass BH (>25 M�)

First observation of a binary 
black hole (BBH) system

First observation of a BBH merger 

First tests of general relativity in 
strong field (extreme) conditions

ONE MORE LESSON: the ground-based interferometers are the right instruments!



FIRSTS – GW190814
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FIRST EVENT SEEN BY  3 DETECTORS: ACCURATE 
SKY LOCALIZATION AREA, ENABLING EFFICIENT 
MULTI-MESSENGER OBSERVATIONS

FIRST EVENT ALLOWING GW 
POLARIZATION STUDIES



FIRSTS – GW170817
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First observation of 
a BNS merger

First multimessenger
event (with GW)

First evidence that 
short GRB can be 
produced by BNS

First observation 
of a kilonova and 
evidence of heavy 
elements synthesis 

First measurement 
of GW speed with 
accuracy  ~1e-15

First measurement 
of H0 using GW
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O1: 12 Sep 2015 à 19 Jan 2016 (H,L)
O2: 30 Nov 2016 à 25 Aug 2017 (H,L,V [1 Aug 2017 à 25 Aug 2017])
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The O3 run
O3a: Apr 1 2019 à Oct 1 2019
O3b: Nov 1 2019 à March 27* 2020 (with KAGRA)

KAGRA

*Early end due to COVID19



OBSERVING RUN O3

q High network duty cycle
– triple coincidence: 47.4
– double coincidence: 36%
– None: 3%

q Significant improvement of the 
detection rate!
– BH population studies
– More distant sources detected      

(z ~ 0.8)

q Several exceptional events 
published
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Rate ~ 1/5 days
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Credit: Chris North (Cardiff University). See http://catalog.cardiffgravity.org/

BBH

Mass Gap

NS-BH
BNS

A new mass range

http://blogs.cardiff.ac.uk/chrisnorth
http://www.astro.cf.ac.uk/research/gravity
http://catalog.cardiffgravity.org/


GWTC-3 RELEASED
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35 new events in O3b, 90 detected so far

https://arxiv.org/abs/2111.03606

https://arxiv.org/abs/2111.03606


MORE EXCEPTIONAL EVENTS

q GW190412: first observed BBH with unequal mass ratio
– Masses: ~8, ~30 (mass ratio: q ~ 0.3)
– [Abbott et al. (LIGO/Virgo Coll.), Phys. Rev. D 102, 043015]

q GW190814: the most asymmetric mass ratio merger ever observed
– Masses: ~2.6, ~23 M⊙ (q ~ 0.1) 
– The secondary mass of 2.6 M⊙ lies in the lower ‘mass gap’ à either the lightest BH or the 

heaviest NS ever observed
– [Abbott et al (LIGO/Virgo Coll.), ApJL 896 L44]

q GW190425:  BNS merger of total mass of ~3.4 M⊙
– Significantly larger than any other known BNS system
– [Abbott et al (LIGO/Virgo Coll.) ApJL 892 L3]
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MORE EXCEPTIONAL EVENTS

q GW190521: BBH with primary masses ~66 and ~85 M⊙, final mass of ~150 M⊙
– First observation of an intermediate mass BH (Mf > 100). 
– First observation of a BH in the (pulsational) pair instability upper mass gap 65 - 120 M⊙ . 
– Farthest source so far  (z ~ 0.8)
– [Abbott et al (LIGO/Virgo Coll.) Phys. Rev. Lett. 125, 101102]

q GW200105-GW200115: 1st unambiguous detection of NSBH
– [Abbott et al (LIGO/Virgo/KAGRA Coll.) ApJL 915 L5]
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FROM ONE TO MANY: POPULATIONS

q Entering in the «statistical information driven» regime 
– NSBH binaries
– Lower mass gap 
– NS mass distribution
– Substructure in BBH mass distribution
– BBH rate evolution with redshift

q Providing data for many studies
– E.g. talk by A Dolgov, this session
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https://arxiv.org/abs/2111.03634

https://arxiv.org/abs/2111.03634


GW and COSMOLOGY
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𝐻" = 70#$."&'." km s#&Mpc 𝐻" = 68#(."$." km s#&Mpc



GW and DARK MATTER

q Evidences: CMB power spectrum, cluster & 
galactic rotation curves, gravitational lensing

q Large span for DM candidate masses: from 
ultralight bosons (∼ 10!""eV) to BH (∼ 1 −
100 𝑀¤).

q Gravitationally interacting, gravitational 
physics can help!

q GW sources can be affected by DM
– By changes of their evolution by environmental 

effects
– By changes of their nature and dynamics (when new 

interactions exist in the DM sector). They can be DM 
candidates by itself (SSM black holes)
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arXiv:1707.04591

http://arxiv.org/abs/arXiv:1707.04591


In just 5 years…
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From discovery…
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Cumulative Count of Events and (non-retracted) Alerts
O1 = 3, O2 = 8, O3a = 39, O3b = 23, Total = 73

O1 O2 O3a O3b

Credit: LIGO-Virgo CollaborationLIGO-G2001862
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LIGO and Virgo’s portal for 
− Bulk data
− Event 1-hour time-series data, etc.
− Pointers to papers, data behind 

figures, posterior samples
− Pointers to analysis codes
− Pointers to Workshop materials

https://www.gw-openscience.org/

https://www.gw-openscience.org/


MID-TERM OUTLOOK

q KAGRA has joined the network in O3b
q Ligo/Virgo are being upgraded (A+/AdV+)
q Ligo India to join the network in ~202?
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ADV+

q Virgo has a phased plan to increase its sensitivity: AdV+
– Phase 1: BNS range from 60 Mpc (O3) to 90-115 Mpc (O4)
– Phase 2: BNS range 145-260 Mpc (O5)
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AdV+/Phase 1
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q Installation of main interferometer 
completed in Dec 2020

q Installation of quantum noise reduction 
system completed in Apr 2021

q As of today: 
– main interferometer commissioning in progress
– Frequency dependent squeezing achieved
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AdV+/Phase 2
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Reducing the thermal noise limit: 
larger test masses (larger beam spot) + 
better coatings



A+
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McCuller, LIGO-G1900980



NEXT  RUN(S)
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q O4 to start mid-Dec 2022
– Delay mainly due to COVID 

impact

q Baseline: 1 yr with 1 month 
commissioning break

q Expected event rate (CBC): 
~1/2 days 

q O5 to start 1.5-2 yrs after O4
– Expected rate: ~a few/day



POST-O5

q Bridge the gap between 2G+ and 3G
q Virgo and LIGO are studying the potential of a new upgrade capable with 

the potential of a further, significant improvement in sensitivity
q Exploit the existing infrastructure until the advent of 3G detectors
q Provide full scale testing of 3G technologies and act as risk reducer for 3G
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2026

O5

2035

3G
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See talk by M Branchesi



INFN PISA -1984
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"La Chiesina"



BACKUP
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DM candidates searchable with GW

q Environmental effects on compact objects
– The compact object structure can be changed: accretion disk, spin down effects, formation

of a DM core
– The GW production mechanism can be changed
– Inpact on propagation of generated GW and EM waves

Signature: Unusual waveform

q Primordial black holes
– Microlensing data seems to exclude that ALL DM can be explained in this way. 
– Not completely uncontroversial, some assumptions can be weakened;
– Could be responsible for a fraction of DM;

Signature: Subsolar mass BH evidence
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q Exotic objects
– GW190521 is compatible with a merger between two 

complex vector boson star, with 𝑚! ∼ 8.7×10"#$ eV 
(head on collision) [Phys. Rev. Lett. 126, 081101]

q Superradiance effects
– A Kerr BH can transfer efficiently its energy to a cloud 

of ultra-light bosons, (scalar or vector) when 𝜆% ∼ 𝑅&
(which means 10"'#𝑒𝑉 < 𝑚!< 10"##𝑒𝑉)

– The cloud can emit a nearly-periodic, long duration 
GW signal potentially detectable by LIGO-Virgo-
KAGRA if 10"#$𝑒𝑉 < 𝑚!< 10"##𝑒𝑉
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From: https://physics.aps.org/articles/v10/83

PRL 123, 171101 (2019) 
PRD 101, 063020 (2020)
PRD 99, 084042 (2019)
PRD 98, 103017 (2018)
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Yunes et al., arXiv1603.08955
Gravitational potential
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