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Birth of Gravitational Wave Astronomy

10 BBH and 1BNS GWs observed between O1 and O2

A GWTC-1: A GravitationatWave Transient Catalog of Compact Binary Mergers Observed
by LIGO and Virgo during the First and Second Observing Runsirxiv.1811.12907

A Binary Black Hole Population Properties Inferred from the First and Second Observing
Runs of Advanced LIGOand Advanced Virgoarxiv.1811.12940

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  BUGO ok i cegse Masses in the Stellar Graveyard
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https://arxiv.org/pdf/1811.12907
https://arxiv.org/abs/1811.12940

G wide detectors n

/Observetogether asa network of GW detectors. LVChaveintegrated their dataanalysis
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_Advanced Virgo optical scheme z O2 configuration

125 W

j i Isolator
Laser

[

Input
Mode
Cleaner

SIB1

Faraday

SPRB

E%B SWEB
= e Double recycled Michelson interferometer
with Fabry-Perot cavities in each arm.
Virgo rushed to join observational run
02, August 2017, adopting a preliminary
| Jw configuration
—F— cp
CP‘NI NE SNEB

) B2

To be installed
at a later stage
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Several features being part of theAdV design
not implemented yet (SRM, high power laser,

stage.
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~AdV design

Limiting noises at different frequency ranges:

Quantum noise

ALowreq:  [EFE] e— cravity Gragients R R ERREE
newtonian noise, seismic | f - Suspension thermal noise
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~Advanced Virgo performance during O2

Failure of monolithic suspensioAs the four test masses were suspended through steel wires
Early scenario: 260Mpc BNS range Advanced Vlrgoobservmg scenario

‘N

r\‘\ Early (2016-17, 2() 60 Mpc)
| Mid (2017-18, 60—85 Mpc)
= Late|(2018-20, 65—115 Mpc)
'S B Design (2021, 130 Mpc)
E BNS:zoptimiged (145 Mpc)
O 10-22 ‘
0=, g .
- A , s
Sensitivity with steel wires =
still compatible with the -
goal for the early phase 2
8 10-23
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<
8
P
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Frequency/Hz

BNS range: Standardfigure of merit for the sensitivity of the interferometer
Volume- and orientation-averaged distance at which a compact binary coalescence consisting ¢
two 1.4 M, neutron stars gives a matched filter SNR of 8 in a singlietector
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~—AdV measured sensitivity compared to early stage boundaries

---------------------------------------------------------------------------------------------------- =

—Measured Stram Nolse GPS = 1187554858
‘| ===Early stage boundary curves - ref.: arXiv:1304:0670

Strain amplitude [m/m / rtHz]
>
M
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Angle-averaged range [Mpc]
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LIGO-Virgo binary neutron star inspiral range

M Hanford
B Livingston
M Virgo
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Time [hours| from 2017-08-20 00:00:00 UTC (1187222418)

BNS range up
to 28 Mpc
during O2

AdV Duty cycle of 83%

I Science: 83.61 %
3 Locking: 10.11 %
B Calibration: 1.65 %
I Maintenance: 1.45 %
W Llocked: 1.26 %

3 Not locked: 1.24 %
I Adjusting: 0.38 %
EEm Unknown: 0.30 %
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| Mensitivity?

O2 sensitivity as compared to the mid stage scenario (60 -85Mpc)

From 2013 Observing scenario, arXive:1304:0670. We projected at least 60Mpc for 2018
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/ mensitivity?

O2 sensitivity as compared to the mid stage scenario (60 -85Mpc)

From 2013 Observing scenario, arXive:1304:0670. We projected at least 60Mpc for 2018
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~Getting ready for O3

Major upgrades

=

Quantum noise

10| m— Gravity Gradients

Reducing suspension therma

-22

noise: monolithic suspension " T\ \

— Total NOise

installation E
g 107
Reducing quantum noise: B

Input power increase and
sgueezing installation

io| m— Syspension thermal noise

Coating Brownian noise

Coating Thermo—optic noise
Substrate Brownian noise

Excess Gas

Noise hunting activities and
stray light mitigation
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/ mm SusS -

pensions
SiO2 fibers 400 um in diameter to suspend mirrors 42 kg in weight

Already installed during Virgo+. However, many casesof breaking fibers during the
installation of Advanced Virgo occurred, and we decided to install steel wires in order to
join O2, while investigating the problem

After the O2 run, a deep investigation was
carried out, and finally found out the problem

Fiber guards
, Dust abundance on wafer in a small "
1 chamber evacuated by a scroll: as additional
~100 particles on a surface of 2 mm X 75 mm protections
=> extrapolated ~ 3000 on the disk .
=> ~0.7 particles/mm? agamSt dust
Im pact

A Careful cleaning of the vacuumsystem

A Improved dust diagnostics

A Installation of separated venting pipe
and of a new dry pump
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sensitivity with monolithic suspensions

Improvement in the low -mid frequency region because of lower suspension thermal
noise:about 10Mpc gained
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: : : oo =——AdV - steel wires (23/08/2017 - 02)
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~—Quantum noise

Statistical fluctuations in the number of detected photons (shot noise) and radiation
pressure fluctuations ontest masses

Advanced Virgo Noise Curve: Pin =18.0W
T | T T T T T T T

Quantum
Seismic
===Newtonian |
Suspension Thermal | ]
Coating Brownian ]
Coating Thermo-optic
Substrate Brownian |
Excess Gas
=—=Total noise
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noise!
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Nnput power increase
NOAT OO1 11 EOA OAAGAOEIT AAI

Advanced Virgo Noise Curve
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~—Input power increase

The increase of input power induces an improvement of the high frequency
sensitivity, as the shot noise is proportional topj /0 .

Thermal Compensation System properly tuned to mitigate the increasing YAG
thermal effects

~|—adv-13wP_ 1
|—Adv-19w P, ]

Strain [1/sqrt(Hz)]

Factor ~0,8 lower
noise at high
frequency
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~—The Frequency Independent Squeezing
810 ET EAKROET ¢ ONOAAUAA OAAOOI

Advanced Virgo Noise Curve: Pin =180 W
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The squeezing principle

Vacuum fluctuations entering from the dark port causequantum noise in
Interferometers. Squeezingwasproposed asa solution over 30years ago.
[Caves Phys.Rev D (198]]

For a coherent state, the uncertainty principle holds

AX; AX, 21

There is a minimum uncertainty product, but the area can be
re-distributed

Squeezing the field
entering the dark port
reduces the noise on the
gravitational waves
readout

Coherent State

Seemore in
M. De Laurentis,
L.Naticchioni and V.
3 ANOHIkS 6 ¢

Phase squeezed
Amplitude anti -squeezed
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e squeezer installation

Thanks to a collaboration agreement with the Max Plank institute AEI, they installed the
last generation of their frequency independent squeezer in Virgo.

ESQB
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/
, /Squ{zing effect on the interferometer

Injecting frequency independent squeezing we could improve the sensitivity from
52Mpc to 55Mpc!

T T T T R o
s l—AdV - no squeezing (52Mpc)
irl—AdV - 2.5dB of squeezing (55Mpc)

: : I |“| :
A

rt(Hz) ]

:

Strain [1/sqg

i

103 104

Frequency [Hz]

A. Allocca Vacuum Fluctuations at Nanoscale and Gravitation



~—Getting ready for O3

Major upgrades

Reducing suspension thermal noise: monolithic
suspensions installation

Reducing guantum noise: input power increase and
sgueezing installation

Noise hunting activities and stray light mitigation

A. Allocca
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" Noise hunting and stray light

-

/

ISe hunting and stray light mitigation

Noise injections are performed in order to spot possible coupling between the noise source
and the detector and, therefore, mitigate it.
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Photodiodes RF

modulated Mode
used for angular and
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Electro Magnetic fields
Act on mirror MAGNETS,
possible electrostatic
charges on the mirror

NE SNEB

| Seism & Sounds
A Excitevibrations
of vacuum pipes
and tanks, optics
on in-air benches
A Imprint phase
noise on spurious
scatteredlight keams
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 Analysis
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noise correlation in ALL (not
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Non-stationary Noise Analysis NonNA)

- Brute force correlation for noiseswhich are non-OOAOET 1 AOUS
V1:LSC_DARM__FFT

- 8ET Al DI EOOAYR

au/sqri(Hz)

10°

10°¢
I}

LJ‘ o

J""'r" gt <:"-'\».'":n.:

107 {
- W | |

10° sty

Kaelfin, . Mefupd aAY LI‘-._ N efy i i
9 Tt AN -~\J‘th " 'l[n;’r
10° '

10-10

L 1 1 1 | 1 1 1 1 | I L L L
40 50 60
v
1212159113.0000 : Jun 4 2018 14:51:35 UTC

A2IA1RH88H00 : Jun 4 2018 14:49:25 UTC dt:10.00s nAv:141y Fluctuations at Nanoscale and Gravitation



ranking of themhttps:/dcc.ligo.org/LIGO-G1500230
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Main culprit preventing us from reaching 60 Mpc

10-13 = ] ] ] ] T ¥ 1 T I ] ] ] ] 1 ] T 1 I ]
o —Data
—1/f* noise
shot noise
— Coat&Sus thermal noise|]
1019k —_—Sum a
10720 4
— =
p— -
N
I
N
£
o
ﬂ 1021 =
= E i
c ,_“‘!
& | 1 I
1022}

e
el
e

Lo2a P T

10? 102 103 10
Frequency [Hz]

1023

The noise budget accounts for all the known technical noises, but cannot account for
OEA 11T EOA OEl OEA AOAEAO6h EI OEA OACEI
OEA O&I AO6 11 EOA

A. Allocca Vacuum Fluctuations at Nanoscale and Gravitation 30 /




_ m A O (_) | | E @it@betterthe sensitivity curve between 60Hz

and 300 Hz if it has a small slope (925
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Still not completely clear what is the mechanism giving rise to this noise, but it was
reduced after a stray light mitigation intervention

A. Allocca Vacuum Fluctuations at Nanoscale and Gravitation 31 }




7%4%%é

_—< , A - T s A s e A
&l AO6 11 EOA | EOECAOEI |

Huge improvement in the mid frequency range after the flat noise was reduced
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O%ﬁnced Virgo performance

Thethird joint observationrun (O3) started on April 1°, after one month of engineering run

BNS Range
Ty 80 - |—V1:Hrec_Hange_BNS
S ()=
e High duty cycle (more than 90%)
an C

Fres ﬁ"""""’ with a sensitivity of ~50 Mpc BNS
;i ‘D | range (almost x2 higher than 02)

0} |

20F
10 ; Status of channel V1:DQ_META ITF_Mode -- time range: 2019/04/18 00:00:00 UTC -> 2019/04/19 01:00:00 UTC
18-00h 18-06h 18-12h 18-18h 19-00h
[ ] ¥ not iockea Start: GPS=1239580818 UTC=Apr 18 00:00:00 2019 R R ==
W Science: 95.88 %
Sensitivity for best BNS range of the day (50 Mpc) T Locking: 158.%
Not locked: 0.26 %
LE' 10 L] Virgo sensitivity best of the day (at GPS=1239651226) 50 Mpc = Adusting: 010 %
= 10 §r —— 02 Reference Sensitivity (GPS=1189375218) BNS range=30 Mpc
- - 03 Observing Scenarip (60-85 Mpc)
2 B elog43891 sensitivity (86 Mpc)
1077 E
0t L \\ |
10-22 § k“\,,‘”l H I l |
10 i o . e

10° 10°
Start=Apr 18 19:33:28 2019 duration=300 sec Freq (Hz)
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/ IGO-Virgo performance

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

[1239148818-1230235218, state: Observing]
GEO-LIGO-Virgo gravitational-wave strain
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https://www.gw-openscience.org/about/

/ IGO-Virgo performance

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

Thanksto the seismic
attenuation system
performances, Advanced
Virgo sensitivity is
comparableor evenbetter
than LIGO at low
frequency (<20 Hz)

[1239148818-1230235218, state: Observing]

GEO-LIGO-Virgo gravitational-wave strain
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~New in O3: open public alerts

Event candidates will be publicly available inhttps:// gracedb.ligo.org

wo-vee EGO & the Virgo Collaboration — & feeling happy.
“ C O @ hitps//gracedbligo.org/superevents/S190425z/view * @ Q M) sns o
A new candidate event has been detected this morning: it is a binary

. . . neutron star merger seen only by Virgo and LIGO Livingston
GraceDB — Gravitational Wave Candidate Event Database

[ HOME | SEARCH | LATEST | DOCUMENTATION | LoGIN |
utrg -

Superevent FAR FAR (yr~ Submission
1

D Category Labels (Hz) ) tstart Lo tend time Links Terrestrial <1 0/0
2019-04-
ADVOK SKYMAP_READY 1 per 25
EMBRIGHT_READY 4.538e- 69834 08:18 26 NS B H 0(70

5190425z Production PASTRO_READY DQOK 13 years 1240215502.011549 1240215503.011549 1240215504.018242 uTc Data

MassGap | 0%

Preferred Event Info
GPS Time| » uTC - BB H 00/0
Group Pipeline Search Instruments Event time Submission time
CBC gstlal AllSky L1V 1240215503.0171 2019-04-25 08:18:25 UTC

LIGO scientific Collaboration
6hrs-&

About leventper weekalreadydetectedin the first
month of run

ndidate

tional_Waves eve
hen it's probably a pair of #NeutronStars merging! More info at
https://gracedb ligo.org/latest/ #03ishere

News spreadhlso on the
social networksJ

LIGO/Virgo Public Alerts User Guide &Support
https:// emfollow.docs.ligo.org/userguide/index.html
contact+emfollow/userguide @support.ligo.org
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https://gracedb.ligo.org/
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—Advanced Virgo +

Upgrade of Advanced Virgo
Goal: sensitivity increase from ~10M0pc to more than 200 Mpc

Phase 1(hitting the thermal noise wall): between O3 and O4
Signalrecycling installation
Input laser power between 40W and 50W (O3with 18 W)

Frequencydependent squeezing (frequency independent squeezing
already donein AdvancedVirgo)

Newtonian noise cancellation
Phase 2 (invasive work): between O4 and O5
High power laser (200 W)
LargerbeamsY 12cmon end testmasses (currently 5cm)
100Kg test massesY end test masses, TBC on input test masses
Better coating: depending on R&D results at the end of Phase |

A. Allocca Vacuum Fluctuations at Nanoscale and Gravitation 40 /



dvanced Virgo+ anticipated sensitivities

10~%¢
i Figure 3.1: Expected
evolution of the Virgo
sensitivity, and BNS
range, after the
10-22} completion of the
[']I:I s two proposed
= upgrade phases. The
= design sensitivities of
2 AdV and Einstein
:E 10-23p Telescope are also
e i shown for reference.
a
=
©
&
1()"24 =
: = AdV design:120 Mpc m— Adv+Phase-I1:303 Mpc
m— AdV+Phase-1:164 Mpc = ET-D:2.11 Gpc
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Frequency [Hz]
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~Waiting for new

Thank you

\—/

exciting events8
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