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- Detecting gravitational wavasith theglobal LIGO-Virgo network
- LIGO-Virgo Observing Runs

- The third Observing Rur©3
ASchedule
APerformance

- Public alerts
AMotivation anddataflow
AO3 Summary

- First O3 published detections
AGW190425GW19014128 GW190814

- Outlook
AMore O3 publications to come
AThe path to O4the« Advanced Plus detectors



Gravitational waves (GW) In a nutshell

- One of the first predictions of general relatiiGR, 1916
AAccelerated masses induce perturbations ofahec of the
spacetime, propagatirad the speed dighti 6 s peed of gravit

- Traceless and transverse (tensor) waves
A2 polarizations in GR« + » and < »
AQuadrupolar radiation

- Deviationfrom axisymmetry to emit GW

- GW strain h
ADimensionless, scales likddistance

- Detectors directly sensitivte h
- Small sensitivity gainsan lead tdarge improvements in event rate

- Rough classification
AS|gnaI duration } Detectabldoy the instruments

AFrequency range

AKnown/unknown waveform

AAny/no counterpar{electromagnetic spectrumeutrinos, etc.¢xpected 3



Example?: the Advanced Virgo detecto

- Suspendedoowerrecycled Michelson interferometer
with 3-km long FabryPerotcavitiesin the arms

I%B SWEB
: Working point we Not to scale:
AMichelson on the dark fringe the arm cavities
AAIl Fabry-Perot cavities resonant are kmlong

- Feedback contr@dystemsacting on  ceaner
themirror positionsand on théaser

wi

- GW passing through

— ] CP

ADifferential effect on s e Stee
the arm optical paths 81
- Change of interference condition i o
at the detector output
- Variation of the detected power 4N
—_ . . . . \[E SDB1
- Sensitivity limited by noises Sl
AFundamental Continuous struggle
ATechnical design improvement ™ LIGO detectorsare

AEnvironmental noise huntingmitigation conceptuallythe same 4



The LIGO-Virgo global network

- A single interferometer isot enougho detectGW with certainty
ADifficult to separateonfidently a potential signal from noise

- Need to usanetwork of interferometers
A2 generation« Advancecd»

N - ;r'»:.%f‘y }“” =
ELIGO Hanford 2015 ! igo Harford ol
E LIGO Livingstort 2015 Q.uémivingswn Gio°
E Virgo: 2017 on
AGEO-600 «Astrowatch» + R&D }
AKAGRA: 2020+ ‘

Graviffétional Wave Observatories

ALIGO-India: coming decade

- Agreements (MOUSs) betwedhedifferent projects Virgo/LIGO: since 2007
AShare data, common analysisblishtogether  Virgo-LIGO/KAGRA: 2019

. Interferometers areon-directionaldetectors

ASensitive to a significant fraction of the dkyt non-uniform response
ATime delays for the signal arrival in the different instrume@($ew ms)
- Threefold detectiarreconstrucsource location in theky 5



Observation runs O1 and O2

- O1: September 2016 January 2016
ALIGO only
AGW150914: first direct detection of GW<dbinary black hole merger
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- 02 December 2016 August 2017
AFirst LIGO only Virgo from August $ onwards
AGW170814 first triple-detector GW detection
AGW170817 first binary neutron star merger detection

birth of multtmessenger astronomy with GW
AGWTC-1: first LIGO-Virgo catalog of transient GW sources



Towards the Observation Run 3: O3

- End of O2 August 25, 2017
- Beginning of O3April 1, 2019

In between: 19 monthsvith alternating phasesf )
ACommissioning

AUpgrade = Joint LIGO-Virgo planning

ANoise hunting - Common goals

AEngineering run Improve sensitivity&
- duty cycle

- Example of Virgo

AMirror suspension wires upaged +vacuum improvement

Alncrease of the laser powiejected in the interferometer

A« Squeezes tolower shot noise limiting above a few hundreds Hz

+ software improvement& better understanding of the upgraded instrument
- Sensitivity improved by roughly a factor 2

- Large improvements on the LIGO side as well
ASee O3 performance in later slides



Detector sensitivity and BNS range

. Sensitivity. noise amplitude spectrum dendignit: 1/CHz] vs. frequency
AComplex curvdull of featuressumming up contributions from many noise sou

E 107 '1 |'| Virgo sensitivity best of the day (at GPS=1233427922) 54 Mpc
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20 elog43891 sensitivity (86 Mpc)
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Virgo BNS range improvement

- Useful (simplifying) figure of meit: 2 % —
theBNS range 2 —
AAveraged(sky and binary inclination) & *----; S S T T T
distancdin Mpc] at which a «standard> ¢ ,,
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be detectedsignatto-noise ratio of 8)  —— aw ans range progress Time
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The O3 schedule

- Early plan
A12 months of data taking019/04- 2020/04
A2 chunks of 6 month®3aandO3h),
with a1l-month commissioning bregR019/10) in between

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
GEO ~70% observing made ’

Engineering Runs (ERs), Observin
possible GW alerts with human vetting 9

Commissioning - Downtime (no Data)




The O3 schedule

- Then came thpandemié
AO3 run globally suspended on March 27
AlLater decision not to start aO3c» and tofocus on the O®4 upgrades

2019 2020
Mar Apr May Jun Jul Aug Sep Oct Mov Dec Jan Feb Mar Apr May Jun Jul >
LIGO . 03 osb
Co "|"‘|'I5'5|l:ll'|ll'|l; Break 03 suspendad on Mar. 27 1700 UTC
Det 1 1500 UTC o Mav 1 1500 UTC due e COVID-18 pandwlc.
Virgo . 03 osb
KAGRA ’
GEO ~70% observing mode
Engineering Runs (ERs), i
- possible GW alerts with human vetting Observing

Commissioning - Downtime (no Data)

- 2 weekq7-21 April) of joint GEOKAGRA data takingrun «O3GK »
AKAGRA switched from commissioning to data taking end of February
- Sensitivity still low but improving



O3 performance: duty cycle

- Single detector: example of Virgo
ASciencé good data used for physics analysis
E Online data qualityfraction of a percent removed offline

2019/04/25 2019/06/19 2019/08/13 2019/10/07 2019/12/01 2020/01/25 2020/03/20

Science: 76.0 %
Locking: 7.3 %

Any other state: 6.8 %
Commissioning: 4.6 %
Calibration: 2.8 %
Maintenance: 2.6 %

Advanced Virgo in 03
03a: 2019/04/01 -> 2019/10/01 03b: 2019/11/01 -> 2020/03/27

EmE Science: 75.6 %

mmm Any other state: 7.0 %

mmm Locking: 6.4 %

I Commissioning: 5.3 %
Calibration: 3.3 %

I Maintenance: 2.6 %

EmE Science: 76.3 %

Em Locking: 8.0 %

mmm Any other state: 6.6 %

E Commissioning: 4.1 %

E Maintenance: 2.6 %
Calibration: 2.5 %

-  More information:https:/ivww.virgo-gw.eu/status.html 11



https://www.virgo-gw.eu/status.html

O3 performance: duty cycle

. 3-Detector network

Maximize triple
coincindent observation
AMaintenancd time difference

Ensure at least orgetector
up and running at all time

12











https://emfollow.docs.ligo.org/userguide






https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5



https://arxiv.org/abs/2004.08342



https://iopscience.iop.org/article/10.3847/2041-8213/ab960f



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



https://wiki.gw-astronomy.org/OpenLVEM

