IV RGD BT

~ Gravi wave
groun? basec interferometers:

ﬂ status and perspectives

2= WWiviana Fafone
on behalf of the Virgo i

Universita degli Studi di Roma “Tor Vergata,
NFN Sezione di RemesforVergata

106° Congresso Nazionale Societa Italiana di Fisica 14-18 Settembre 2020



Scientific achievements from O1-02

Binary systems detected: extract information on masses, spins, energy radiated, position,
distance, inclination, polarization. Population distribution may shed light on formation
mechanisms

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  BUGO /@R i cegrin
GWTC-1: A Gravitational-Wave Transient

Catalog of Compact Binary Mergers - J ’ }
Observed by LIGO and Virgo during the First KIS o e
and Second Observing Runs (LIGO Scientific e ' |

Collaboration and Virgo Collaboration) i ‘

Phys. Rev. X 9, 031040 — Published on o’ j ) ‘
September 4, 2019 B RoprRRR11 ol — an¥?i,'w ammny "V'!'/AVA,“‘l‘ Gw170814 ""’\/\/\/\/\,‘Av“lll‘?"

|
|

TECY sy

[« -
g ® Gw170818 GW170823 GW170817 : BINARY NEUTRON STAR

|
| )
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Scientific achievements from O1-02

Masses in the Stellar Graveyard

in Solar Masses

LIGO-Virgo Black Holes

of LX- q} * J ® E g .L‘L New fomily

V. Fafone - 106° Congresso Nazionale SIF



Scientific achievements from O1-02

More:

* GR tests: probing GR in strong field conditions
 Multimessenger astronomy

* Nucleosynthesis and enrichment of the Universe

 Cosmology

s Joint BBH
w (G\W170817 Counterpart
= = Prior (Uniform)

* Nuclear matter physics 0 1l Ermmae—

0.05 1
] Big . Dying Exploding Human synthesis Planck
- . tusion - g:r-smass EEEE :\t:;;ive - No stable isotopes o Q 0.04 —‘ S.HOES
MM |y come pgome g croeore NN AN NN i

M? fission dwarfs Al Si P _S‘.;; Ar
P ridestid o T I 18
KCaScTVCrMnFeCoNiCuZnGaGeAsSeBrKr

WPyom 207 Do “an” Va8 V24" T8’ 17287 Viay” V8" Y29 /307 et iag'! Iag™l Megat (Magtl
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O3 run (M2JJVIRGD

O3 started on April 2019

Due to the pandemic

O3 run globally suspended on March 27 (about 1 month earlier than planned)

» All activities suspended =2 LIGO and Virgo decision to focus on upgrades planned for 04

when activities could restart

2019 2020
Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul >

)

LIGO
Commissioning break
Oct. 1 1500 UTC to Nov 1 1500 UTC
Virgo

Engineering Runs (ERs), .
possible GW alerts with human vetting - Observing

Commissioning - Downtime (no Data)




O3 run duty cycle

H1-L1-V1: 47.4 %

H1-L1: 14.8 %
H1-V1: 9.4 %
L1-V1: 11.8 %
H1l: 3.0 %

L1l: 3.0 %

V1: 7.4 %
None: 3.3 %

M2V IRGD

Virgo
B Locked in low noise configuration: 73.53 %
EE Other: 19.73 %
Bl locking: 6.56 %
B Unknown: 0.17 %

HLV Science segments: 83.4% = 47.4% triple + 36.0% double coincidences; 3.3% no detector on

Virgo duty cycle: 75.97%

Note that Virgo dedicated 2 shifts per week to commissioning (i.e. 9.5% calculated loss) in O3b

Credit: J.v.d.Brand

V. Fafone - 106° Congresso Nazionale SIF



03a-03b performances M2JJIVIRGD

10-18

e , : o
| —— Best 03a-51 Mpc (April 5th 2019) |-
—— Best 03b-60 Mpc (February 8th 2020) -

10-19

LA

L L " L P S i i L L PR S S | L " L L PR S N |
10! 102 10° 10*
f[Hz]

1 0-23 :

Wideband improvement from O3a to O3b
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Angle-averaged range [Mpc]

03a-03b performances: BNS ((Z/AUINES,

Binary neutron star inspiral range Binary neutron star inspiral range

e M1
w L1
w V1

'f .. “;-5-‘ ‘adi fSe ke

o, =N g 284 . ~ (O
\lr‘t - 0y <O %
&, b ‘:-:3*. ’)

4 1 . i ¢ il B . . |
120 js s -&W“ﬁ b o0 W":ﬂ '».i,dvi_,,_ b
4] 3 Rt ' Qe

o A / ":. ". r:l ‘s .l'l".c: g
RN LA

Angle-averaged range [Mpc]

0 125 15 175 20 25 25
from 2019-04-01 15:00:00 UTC (1238166018.0) Time [weeks] from 2019-11-01 15:00:00 UTC (1256655618.0)

i
Ot

Time [weeks

- H1: 100+ to 120 Mpc -H1: 110 to 120 Mpc
- L1: 120+ to 140+ Mpc - L1: 120+ to 140+ Mpc
- Virgo: 40 to 50+ Mpc - Virgo: 50+ to 60 Mpc
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03 alerts (M2JJVIRGD

LIGO-Virgo data are jointly analyzed in real-time

* Modelled (compact binary coalescences) and unmodelled searches («bursts»)
» Detect and localize potential transient GW signals

When a significant-enough candidate is found

* False-alarm rate lower than 1 / O(few months)

» Alert sent to astronomers in order to search for counterparts through NASA’s

Gamma-ray Coordinates Network (GCN)
____Original Detection]

Automated Vetting || 1st Preliminary
Classification | Alert Sent

Rapid Sky Localization [

Cluster additional events 2nd Preliminary
Re-annotate [f]] Alert Sent

Parameter Estimation N
. Initial Alert or
Human Vettmg _ Retraction Sent

Classification

. E)(pe rt vetti ng Parameter Estimation [ NEG | Update

> bl | b d Classification || Alert Sent
Public alerts can be retracte PP —— o -

v




M2JIVIRGD

03 Public Alerts (to date) by Month

03 GW candidates

DETECTIONS AND NON-RETRACTED ALERTS DURING O3

=
7}
o

50

40

f Public Alerts

30

Number of

20 -

10

Cumulative number of detections and alerts
2019/10
COmMmission;
Missioning break

2019/09/01 2020/02/01
TTApr2019 May2019 un2019  Jul2019  Aug2019  Sep2019  Nov2019

[dated April 2020]
W retrected M not retracted

See https://gracedb.ligo.org/latest/

0
2019/04/01

VIR-0365B-20

80 GW-only candidates: 24 retractions, 56 after excluding retractions

e Offline analysis should confirm most of these candidates, and may uncover additional events
» 4 discovery papers already published, focused on «exceptional» events; dozens of papers in

preparation

V. Fafone - 106° Congresso Nazionale SIF
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03 first results (M2JJVIRGD

* GW190412: Observation of a binary-black-hole coalescence with
asymmetric masses (PRD 102, 043015, 2020)

- First observation of BBH merger
with significantly different masses
(30 & 8 M)

- Mass ratio about 0.28
- GR predicts the contribution of

terms beyond the quadrupolar one b =Y Y hfm]()z,z) T (0.6)
- First observation of GW higher e temst L
multipoles (I = m = 3) * If g = 1 h,, and even £ = m dominate, but in this

- new test of GR Case

£ = m = 3 and subsequent odd terms gain of

relevance

* fom = mf,p (far the merging)
V. Fafone - 1067 Congresso Na@onPyé€essing of the spin and of the orbital plane



03 first results (M2JJVIRGD

* GW190412: Observation of a binary-black-hole coalescence with
asymmetric masses (PRD 102, 043015, 2020)

- First observation of BBH merger Blighad splis - Misaligned spias
with significantly different masses > ¢ >
(30 & 8 MQ) S;'Itztal

~—t—P

- Mass ratio about 0.28
- GR predicts the contribution of

‘ Black
hole

terms beyond the quadrupolar one |-

) gﬁrt%%ségv(?zorg (:)fgC)EW higher Isolated bin:.ry_) spins. prefereqtially aligned with
 new test of GR "“’Lo = t} tmhce)rg;nniymorbltal angular

- Marginal hints of precession Cluster binary
- Impact on BH population o -> isotropic spin orientations
- Astrophysical formation channels 0oy @

: ; e’
V. Fafone - 106° Congresso'N’o’ﬁgleKSdF L.
0



O3 first results

* GW190425: Observation of a compact binary coalescence with total
mass ~ 3.4 My (AplL, 892:L3, 2020)

Most likely second BNS after GW170817 (BBH or NSBH cannot be
ruled out)

No em counterpart (more distant and less well localized - 8284 deg?
90% credible sky area)

Two interferometers detection (L1 + Virgo — SNRy;,, = 2.5 - below
threshold 4)

Total mass larger than any known system so far. More than 5c larger
than the Galactic population mean (composed by 10 BNS expected
to coalesce within the Hubble time among 17 known BNS)

Astrophysical Implications

- (Small) Impact on the Astrophysical Rate

- Hypothesis on the possible system origins

- And if they are instead BHs?
- Mass Gap BHs!

Pri d | BHs| V. Fafone - 106° Congresso Nazionale SIF
- rrmoraia S!

Probability density

GO

M2V IRGD

— a0
x < 0.05

-- (Galactic BNS




03 first results (M2JJVIRGD

e GW190814: Gravitational waves from the coalescence of a 23 Mq
black hole with a 2.6 M compact object (AplJL, 896:L44, 2020)

- Uncertain nature of the second

component: BH or NS? I aeesen e
- either the lightest BH or heaviest
NS ever observed
. 325 \\\
= I\/IaSS ratlo 9:1 ‘N > —— Combined PHM
. . . 23 EOBNR PIIM
- Multipole emission observed 22 T PheomPM \
2l Farr+Chatziioannou 2020 M
- Clear evidence of inclination

" 7#1[\[)1] .
- Challenge for formation
models




03 first results (M2JJVIRGD

* GW190521: Gravitational waves from an extraordinarily massive merging binary system:
two black holes of 66 and 85 M, which generated a final black hole of 142 M,
(Discovery paper - Phys. Rev. Lett. 125, 101102 (2020) - Astrophysical implications -
Astrophys. J. Lett. 900, L13 (2020))

So far, LIGO-Virgo has reported 12 binary
black hole mergers

Supermassive Black Holes

10°

The final (remnant) mass of GW190521 is
well above 100 solar masses, marking it as
Q the first intermediate mass black hole

: QJFLQ (IMBH) detected by LIGO-Virgo

Intermediate Mass Black Holes

The primary mass lies outside of the
stellar mass graveyard
(> 65 solar masses)

=M Neutron Stars o 1 = 2
, T T LIGO-Virgo component mass
' S ' = LIGO-Virgo remnant mass
Solar
LIGO-Virgo '3'\\;‘;”“—‘1:' j‘r' ar | Northwestern

masses

_—

Stellar mass
graveyard

<~




GW190521 (M2JJNIRGD

Astrophysical implications

PAIR INSTABILITY

MASS GAP
stellar - mass intermediate - mass supermassive
black holes black holes (IMBHs) black holes
10 Mo 102 Mo 103 Mo X & 105Me &° (@
Q& O N Y @ D
%O . @ ° + >
o’& ) NV S ’ RN
o' o &L * S @
o ,&o* o'&o & ¥ ?S’Q\}o
Y ((,é X
GW190521 GW190521 _ o )
primary mass merger remnant IMBHs: the missing I|_nk between
~ 85 Mo ~ 142 Mo stellar and supermassive black holes

V. Fafone - 106° Congresso Nazionale SIF




GW190521 (M2JJNIRGD

Primary component in the pair-instability (Pl) mass gap

o] O1+02BBHs + GW190521 Efficient pair production in massive stars

i drives (pulsational) pair instability:

ey opens a gap in ~ 65 - 120 M- range

0] MASS GAP [ |
— A /"
< 50 I & P4 " Large uncertainties on mass gap boundaries:
9 i % % } i e Nuclear reaction rates, e.g. '°C(a,y)'®O
s

e Collapse of hydrogen envelope

e (Convection model

A final BH

f ®  BBH components

T 5 9 o 3 o = o 5 o+ | CHALLENGE FOR STELLAR EVOLUTION
F VNS EFEF S
IO g g g i S e S

30 | ] %
20‘i l { e Stellar rotation




03 results: more to come (M2JJVIRGD

- New issues of the GW transient catalog

|II

- Focus on “special” individual events

- New companion papers
- Search ongoing on the full O3 dataset

- LIGO-Virgo data become public after an initial proprietary period:
- around an exceptional event after the publication of the associated paper;
- chunks of 6 months, 18 months after the end of the data taking;
- Gravitational Wave Open Science Center: https://www.gw-openscience.org/about/

V. Fafone - 106° Congresso Nazionale SIF



The path towards 04 and O5 (M) RGO

- Shutdown period between O3 and O4 to upgrade the current detectors =
Advanced+ detectors

- Four detectors online in O4: 2 LIGOs, Virgo and KAGRA

mm O1 O2 mm O3 =mm O4 == O5
80 100 120+ 165-190 Target
Mpc Mpc M C Mpc 330M c
LIGO iE BB = i
30 60-80 80-125 125-230
: Mpc Mpc M Mpc
|
Virgo [ e - -
Phase | Phase I 1&?,:
KAGRA E -
Target
: 330 M
LIGO-India 05 volume = 15*03 volume i

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026



AdV+: content (M2JJVIRGD

* Phase |
 Signal recycling (not done in AdV yet)
e Higher laser power (40 W, AdV run with 26 W so far)

* Frequency dependent squeezing (frequency independent
squeezing already done in AdV)

* Newtonian noise cancellation

 Phase |l

* Further increase of laser power (60 W or more)

e Larger beams on end test masses
e ~10 cm radius
* Larger end test masses (~ 100 kg)

* Better coatings: lower mechanical losses, less point defects,
better uniformity

V. Fafone - 106° Congresso Nazionale SIF



AdV+: sensitivity goal M2JJIVIRGD

* Phase I: reduce quantum noise, hit against thermal noise
* Phase II: push down the thermal noise wall

T T T | I [J e ey e g O |

03: 50 Mpc

04 high: 90 Mpc
04 low: 115 Mpc
05 high: 145 Mpc
05 low: 260 Mpc

—

g
N
-

Strain [1/4/Hz]
3
N

—

e
N
w

73]

1 l | 1 L ' 1 | 1 1 1 1 1 L 1
102 10° 10*

Frequency [Hz]

10724
10"
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AdV+: sensitivity goal M2JJVIRGD

Binary Neutron Stars Events

3L |~ — running at O2 sensitivity 825X
«~ 10 |~ — running at O3 sensitivity ]
E L |— — running at aLIGO 04 sensitivity no A+ upgrade ]
g —— A+ upgrade 230X |
'E ]
2L
g W
Q
£
=
%
<}] =
Sl
_g 02
L upgrade ¥
> L / Nevents = <R>VT
» <R> average astrophysical rate 100 . . . |
« V  volume of the universe probed = (Range)? 2016 2018 2020 2022 2024 2026
e T coincident observing time Sl
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M2V IRGD

Synchronization with LIGO A+
* A+ approved in 2018

e 5vyears plan
e 2018 —2023
e Similarities among the two upgrade programs

Apr ‘20 Gen’22

» | » o 20 Aug ot 71 Dec'21 ] Age 21 n 21 Pl ot 22 Dec 22 |

Project End

Coating Pathfinder Fabrication Test Mass Coating Fabrication
Test Mass Metrology

Vendor VAC Fabrication LHO
UK Beamsplitter suspension Fabrication

HAM ISI Fabrication

H2 Decommissionir
L

ETM ETM  ITM  ITM
LHO BS

HSTS In

LHO Vacuum Installation/ Integration

Facilities Modificati

ETM ETM  ITM  ITM
LLO BS|

LLO Facilities Modificatio HSTS Intalla

LLO Vacuum Installation/ Integration

Frequency dependent
squeezing

V. Fafone - 106° Congresso Nazionale SIF
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What next?

e 2"d generation GW

detectors will explore DS [o]aNe IS 1ao=RoIMEV\AD,

local Universe, initiating

the precision GW Years After the Big Bang

astronom
Y 400 thousand 0.1 billion 1billion 4 billion 8 bilfon ~14 billion

* Afactorof 10 The'Big gl » TheDark ' . . ok +.® - B VBT :
Improvement in terms ' 3
detection distance is
needed to have
cosmological
investigations

Ages O W
First -
Astronomical =+
Objects Form "

/

3 D
= O
'_
¥ 3
O.
=
E
E O
=~ 3
.-(\

e ET (and Cosmic Explorer L 1w
in the US) will extend 1 + Redshift (2)
the science potential of -
2G/2G+ and will — Z~2 (2G GWD)

introduce new science 3G Ta rget
ta rgetS GW perspectives CSN2 Z=0'45 (GW170729)

Image credit: NAOJ/ALMA http://alma.mtk.nao.ac.jp/




A step forward: Einstein
the 3G concept in Europe

elescope —

(@)=

New infrastructure
10 km arms, underground operation
Mirrors cooled at low T z o

-0.5

Want to see the full sky, to resolve
both polarizations, to have
redundancy = triangle.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

Want to increase the bandwidth =2
xylophone = 6 interferometers

-21

—
On

10 km

—
on

Strain [1/sqrt{Hz)]
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ET site: 2 candidates

Horizontal spectral motion at various sites

10716

1017

11

1

~ Virgo 0 m
Netherlands 10 m —
Sardinia 185/'m

Al
~

~

U
Hungary 400 m >
- ¢ 'I
| | Spain LSC.800 m —
A" .('-:" 2N “4”
' y 1 N
U & R
;‘._ AP
! A
: 1
| ]
A - Y
.I N
J &
’ N
7 -
Z HETN - 4"
’ =] I
‘4 n
’ -
l' 1 [ a
i 7
: 7 .
2 L u
o p §
4 \\” - =
] el o ok
I -
01 10

V. Fafone - 106° Congresso Nazionale SIF

Frequency [Hz]

ET|

* 3 borders site (NL-B-DE)

e Sardinia site (IT)

Amsterdam
[}

Londra
)

Francia

\\’\’M

Barc?lona

/alencia
o

Algeri
ﬁljaJ!o%-\n

Nk gimia G i
Mx,ﬂ}} ermania

Francgfone

Monaco
di Bagliera

\ ¢

EINSTEIN
TELESCOPE

rwvivi

ialia: X
oY Podgorica,
Mopropuua
®Roma g
. Tiran
VA ,"" Alb
Mar Tirreno
Tunisi b/
e




“lico
— Cosmic Explorer (US)

« Third-generation GW observatory

« Target sensitivity a factor of > 10 improvement in comparison to current
advanced detectors

« Above ground, 40 km arm length, L configuration

Formal design study under way (M. Evans, MIT, lead Pl)
cosmicexplorer.org

Credits: D. Reitze
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M2JINIRGO

+version ITFs/3G science case

* Fundamental questions in Gravity:

* New/further tests of GR Fundamental interactions, Dark matter, dark energy
* Exploration of possible alternative theories of Gravity

* How to disprove that Nature black holes are black holes in GR (e.g. non tensorial radiation, quasi normal modes inconsistency, absence of horizon,
echoes, tidal deformability, spin-induced multipoles)

* Fundamental questions in particle physics

* Axions and ultralight particle through the evaluation of the consequences of new interacklon
and characterisics of BHs, NSs

* Probing the EOS of neutron stars (isolated NS and NS in binary systems) .
Nuclear physics, quark-gluon plasma

* Exotic objects and phenomena (cosmic strings, exotic compact objects: boson stars, strange stars/gravastars, ...)

* Cosmology and Cosmography with GWs

* Accurate Modelling of GW waveforms Cosmology

* GW models in alternative theory of gravitation

* The population of compact objects discovered by GWs is the same measured by EM? Selection effects on BHs and NSs? Cosmology

* What is the explosion mechanism in Supernovae?

* What is the history of SuperMassive black holes?

* GW Stochastic Background? Probing the big bang?

* Multimessenger Astronomy in 3G: If we are able cumulate enough SNR

Nuclear physics

before the merging phase, we can trigger e.m. observations before the emission of photons Cosmology, inflation

Astroparticle, GRB, Neutrino Physics

Credit: M. Punturo V. Fafone - 106° Congresso Nazionale SIF



| | IRINVIRGD
+version ITFs/3G science case

Fundamental questions in Gravity:
*  New/further tests of GR Fundamental interactions, Dark matter, dark energy
* Exploration of possible alternative theories of Gravity
* How to disprove that Nature black holes are black holes in GR (e.g. non tensorial radiation, quasi normal modes inconsistency, absence of horizon,
echoes, tidal deformability, spin-induced multipoles)
Fundamental questions in particle physics k

* Axions and ultralight particle through the evaluation of the consequences of new interac
and characterisics of BHs, NSs

Probing the EOS of neutron stars (isolated NS and NS in binary systems) .
uclear physics, quark-gluon plasma

Exotic objects and phenomena (cosmic strings, exotic compact obie~"". : stars/gravastars, ...)
Cosmology and Cosmography with GWs

Accurate Modelling of GW waveforms Cosmology
GW models in alternative theory of gra _
The population of compact objects disco 515 the same measured by EM? Selection effects on BHs and NSs? Cosmology

What is the explosion mechanism in Supe
What is the history of SuperMassive black holes?

GW Stochastic Background? Probing the big bang?

Multimessenger Astronomy in 3G: If we are able cumulate enough SNR

Nuclear physics

before the merging phase, we can trigger e.m. observations before the emission of photons Cosmology, inflation

Astroparticle, GRB, Neutrino Physics
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https://arxiv.org/pdf/1912.02622.pdf

Observing earliest moments of formation of
stars and structures

Redshift

Illl T T IIIIIII

100 R T

10% detected-
50% detected -
Primordial BH? )

10 | 4 N 1
; BBHs from POP3 stars merger? :

; Peak BBH merger rate from globular cluster
P ,aflﬂlhlg \ \

100 =
= GW170823
L 0809
GW170818

GW151012 " !

101 GW1}70814 . CW170108
N GiAElzzs o . - - o
» GW150914
= o .IGO

N GW170608 —ET

GW170817 CE
102

100 101 102 103 104

Total source-frame mass [Mg]

30



Where is the Physics?

* The design of the 3G observatory is driven by the physics objectives
* At what frequency are they?

More detectors

Early- . I
warning Sky localization BNS : Eve ryW h ere.

localization
IMBH Source-frame
oF masses Distance/ Inclination/

filghez Cosmology = EM modeling NS post-merger g We need a

BBH = B
_ Supernovae and other unmodeled transients i  wide band

Tests of General relativity
v

Memory — — _ observatory
Precessing BH spins Aligned BH spins .

[ ]
Eccentricity mass ratio Ringdown NS Equation of state

Better low-frequency Better bucket Better high-frequency

5/28/19 S.itale & S.Hild Credit: Salvo Vitale
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M2JINIRGO

The Global Scenario

2015 - 2020 2020 - 2025 2025 - 2030 2030 - 2035 2035 - 2060

AdV+/LIGO A+ s —()

LIGO India ﬁ)_ Online as A+ instrument
Voyager/A++ Conceptual phase  (puu— —)

Einstein Telescope ‘——_‘
Cosmic Explorer —M
LISA P= g Pathfinder QPu—— —— | |S A
Legend:

Preparation  Start/Launch Data taking
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MJVIRDO gl

Multiwavelenght GW Astronomy

Characteristic Strain

http://gwplotter.com/
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S
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) Massive binaries
Supermassive
binaries
LISA R_eso!vable galactic
binaries
AdV
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ratio inspirals GW150914 ET
Compact binary
inspirals
Core collapse
supernovae
Pulsars
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The future is bright
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