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e Ground-based gravitational
wave (GW) detectors
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e “DetChar” in a nutshell

* Detecting gravitational waves
-
during the O3 run [

e Transient and spectral noises | =™ .
e Sensitivity improvements G

e \alidating GW candidates

LIGO Hanford (“H1”) Virgo (“V1”) LIGO Livingston (“L1”)



Ground-based GW detectors

] _ The Advanced Virgo detector
 Suspended, power-recycled Michelson interferometer | during the O3 run (2019-2020)

with 3-km long Fabry-Perot cavities in the arms
ﬁ%a SWEB

* Working pOint WE Not to scale:
= Michelson on the dark fringe the arm cavities
= All Fabry-Perot cavities resonant are km-long
— Feedback control systems acting on  ceaner

the mirror positions and on the laser

wi

» GW passing through
= Differential effect on

— CP
CP NI NE SNEB
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the arm optical paths

EBs

— Change of interference condition -
at the detector output
— Variation of the detected power /\Jﬂom

-, . - . . - [E SDB1
* Sensitivity limited by noises EBI

» Fundamental Continuous struggle:
= Technical design, improvement, L1GO detectors are
= Environmental noise hunting, mitigation conceptually the same 3

SDB2




“DetChar” activities 1n a nutshell

e DetChar

» Abbreviation for “detector characterization and data quality”
— Includes / connects to many other topics — as described in the following

* Typical ‘instrument cycle’ for ground-based GW detectors

= Upgrades — Commissioning — Data taking — Upgrades — (...)

= Relevant DetChar activities during all steps
+ Track noise sources — Sensitivity

— Average detection range for a given source
Typical figure-of-merit: BNS (Binary Neutron Star) range

+ Help improving stability — Duty cycle

Acoustic,

Environmental ""I'g","tic,‘ il (:)thcr Software
i e and seismic ‘ollaborations Development
[ ) I y Monitoring | = gises I
Data qualit
Earthquakes Connections, | Standar-

| GIObaI dataset Experience | dization St
- d n7si d I G d 1 d «—Transients

In IVidua W candl ates Commissioning, | _Spectral noise | DetChar | : |:|

Detector Stability group

Investigations

* Focusing on two main levels
= Single instrument

Calibration,

= Global network as a whole h-reconstruction

Collaboration




The stage: detecting gravitational waves

* From: A guide to LIGO-Virgo detector noise and extraction of transient gravitational-wave signals

= B. P. Abbott et al., 2020 Class. Quantum Grav. 37 055002

e Detector Characterization . — \
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The stage: detecting gravitational waves

* From: A guide to LIGO-Virgo detector noise and extraction of transient gravitational-wave signals

= B. P. Abbott et al., 2020 Class. Quantum Grav. 37 055002

e Detector Characterization . \
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The O3 run

e LIGO-Virgo Observing run 3: O3
— All 3 detectors from the beginning and for the whole run
= O3a: 6 months — 2019/04/01 — 2019/10/01
= 1-month commissioning break: 2019/10
= O3b: 5 months — 2019/11/01 — 2020/03/27
¢ Shortened by covid-19 pandemic
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 Gravitational Wave Open Science Center: https://www.gw-openscience.org
— Open data (for individual events and entire runs), software tools and tutorials
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The O3 gravitational-wave signals

. . L Cumulative Count of Events
https://www.ligo.org/science/Publication- 01 =3, 02 = 8, 03a = 44, 03b = 35, Total = 90

) O3bTGR/images/cumulative events 200322.ong *° 2015 2016-2017 2019-2020

e O3: 79 new signals .

= All 3 types of compact binary 5"

mergers now observed "l o1 02 O3a / 03b

= No new multi-messenger observation £

= Rates and populations studies _w

= Tests of General Relativity 3

= Targeted searches triggered by external inputs

+ GRBs, FRBs, supernovae, etc. o Time (Days) T
= Searches for continuous signals .

OBSERVING 01 PRIMARY MASS @ UNCERTAIN OBJECT
RUN —— 2015-2016

SECONDARY MASS
DATE(_TIME)

UNITS ARE SOLAR MASSES
1 SOLAR MASS = 1.989 x 10°°kg

https://www.virgo-qw.eu/#news qwtc3

FINAL MASS

Note that the mass estimates shown here do not include uncertainties,
which is why the final mass is sometimes larger than the sum of the
primary and secondary masses. In actuality, the final mass is smaller
than the primary plus the secondary mass.

The events listed here pass one of two thresholds for detection.

They either have a probability of being astrophysical of at least 50%,
or they pass a false alarm rate threshold of less than 1 per 3 years.

pose K@c‘;\%
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Spectrograms

Transient noise

e Glitch: transient excess of noise
with a distinctive time-frequency signature
= Duration
= Bandwidth

Omicron trigger rates during the Virgo 03 run: by SNR ranges

" Signal-to-nOise ratio (SNR) = All triggers == SNR >= 20 10<=SNR <20 =—— 8<=SNR<10 =— 5<SNR<8

101M w

* Multiple origins
= Hardware equipment
= Software (controls, etc.)
= Unknown, with witness channels
= Unknown and no witness channel

Rate [triggers / minute]
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Omicron trigger rates during the Virgo 03 run: by frequency ranges

* Manifold damages

W
= Decrease GW search sensitivity e o o :meﬁ‘ﬂrﬂ[?

= Hide actual GW signal

= \Worsen stability ] %W*\m m
LA 9

2019/05/15 2019/06/29 201%/08/13 2019/09/27 2019/11/11 2019/12/26 2020/02/09 2020/03/25
UTC Time

Rate [triggers / minute]

=
5]




Spectral noise

» Excess power on long timescale in a given frequency range
= Narrow lines or wider bumps
= Many different types: fundamental, harmonic, comb, sideband, modulation, etc.

* Potentially cover real GW signal in the same frequency range
» Hardware or software artefact may mimic, to some extent, a real GW signal
— Some only appear when analyzing the whole dataset

10—20

Typical “lin.-log.” Virgo O3
amplitude spectrum density
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* Noises may appear/disappear/change over time - °

e Coherent magnetic noise between sites:
Schumann resonances

amplitude

Relative



© PZT Accelerometer
@ FB Accelerometer

|| . ||
© Velocimeter
@ Thermometer
© Comb. (temp.+press.+hum.)
A Microphone
A Infrasound microphone

H Magnetometer
@ Voltage probe

> ldeal scenario B
" Pick-up a frequency range of interest
» Find the origin of the dominant noise contribution
= Fix the cause, or mitigate its effect
» The dominant noise goes down:

another one starts dominating the sensibility Cue
= |terate... " e

%:: /“'\A A\ -E;(
— Inpractice, werelyalot 14 - [l /f.\\“.

on auxiliary channels
and environmental sensors
= Most of the acquired data :

ency [Hz,

* To help identifying the source
of a given noise, we look for
= Correlations in the time domain
= Coherences in the frequency domain
— Neither of these implying causation a priori ..~

—— coherence above 0.3

ASD [1/vHz]

A ,',w; |




Fighting noises: two examples

« Successive reductions of noise around 50 Hz &

(mains frequency in Italy) in Virgo
a) Reducing bumps around 50 and 55 Hz
b) Reducing the 50 Hz peak
c)-d) Cleaning structures
below and above 50 Hz
— At each step: before
after

* Noise created by a compressor in LIGO
= Top: signal in a magnetometer
= Middle: compressor on/off sequence
= Bottom: glitches in the GW signal

r BLRMS
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Performance improvement

* Virgo sensitivity O2-0O3 progress [2017-2020]

Sensitivity curve
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* Vet GW candidates
= Data quality
= Consistency checks

Event validation

GW  Online

Validation checks

IFOs ——> Raw Callbratlon’ strain > Triggers ﬂ) G_W " > Analyses
data Reconstruction h(t) Pipelines Information Ccandidates Vetting studies
enrichment
DetChar
timescales Online Near real-time Offline
" >
Corresponding Seconds Minutes Hours Days
latencies Weeks
Months

*» Global transient noise investigations
= All DetChar tools working together to prowde the most complete set of information

- Strain channel

Statlonan test

Strain amplitude
o

1264628980

N
1264628940 / 1264628960 GPS time [s] 1264629000
Omicron Auxiliary channels Monitoring
‘spectrograr hif] VI M

¥EE

L
& BEE & 3a%

Hz]

v e g,

l

Upv
(Triggers coincidence)

Noise ~
[ investigations} [""

To search pipelines

VetoPerf }7
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Vetting alerts in low latency

e Goals: confirm/retract public alerts in O(few minutes)

» Dedicated database with a public-facing interface: GraceDB

https://gracedb.ligo.org/superevents/public/O3

= Public information: GPS time, type of event, skymap
= Use of the Gamma-ray Coordination Network (GCN)

» Key tool: the Data Quality Reports
— Set of automated checks triggered
upon receiving an alert from GraceDB
+ Example: the Virgo O3 DQR

7
Receiver

» Rapid Response Team meeting at short
notice immediately after each significant alert
= On-duty experts from all relevant areas

¢ Including DetChar
— Deciding the fate of the alert
¢ O3: 80 alerts, of which 24 retracted

HTCondor farm

A

y
s
W‘

GraceDB

5o+ |

Terrestrial
NSBH
MassGap
BNS

<1%
0%
0%
0%

LIGO-Virgo resources

Sender

Virgo DQR @ EGO

Web

>

Scheduler

all checks

Launches

Check #1 |-

Check #2 |

Check #N

supporting files:

supporting files:

>

server

Check result & summary info (json
+ supporting files:

Check result & summary info (json payloa
html, text, images, etc.

Check result & summary info (json payloa
html, text, images, etc.

payload)

html, text, images, etc.
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Gravitational-wave candidate validation

e Identifying real signals and separating them from possible glitches

’ 14
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Time [seconds] from GW190424_180648

~1.5 seconds

— Situation can be as complicated as the spectrogram above (from O3a)
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Gravitational-wave candidate validation

e Identifying real signals and separating them from possible glitches

Camera shutter glitch

|
|
100 I | | Fast scattering glitch | | I I o
—— | s 7
| | | ! ! ! 5}
| | h ! | ! I S
- ’

6
4
| 2
0

Frequency [Hz|

=
=

10 i |
—1.05 —0.90 -0.75 —0.60 —0.45 —0.30 —0.15 0.00 0.15 0.30

Time [seconds] from GW190424_180648

e Scattered light noise

= Parasitic beam created by imperfections (optics defect, misalignment, etc.),
scattering off some moving surface and
recombining to one of the main interferometer beams
+ Glitches, control inaccuracies

— One of the main noise sources for all detectors in the network

— Mitigations: isolate more / suspend further hardware components,

dump parasitic beams onto absorbing surfaces

17



Gravitational-wave candidate validation

e Identifying real signals and separating them from possible glitches

| | |
—1.05 —0.90 -0.75 —0.60 —0.45 —0.30 —0.15 0.00 0.15 0.30
Time [seconds] from GW190424_180648

» Assess whether data quality issues could bias the estimation of the source parameters

= If yes the glitch(es) can be excised from the data — first done for GW170817
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From O3 to O4

* Major upgrades on all detectors

https://dcc.ligo.org/LI1GO-G2200736/public

— Should lead to significant sensitivity improvements

" LIGO
¢ Doubling arm power (~400 kW)
+ Reduce further guantum noises
+ Reduce technical noises
below ~100 Hz

-
o
~

Strain Spectral Density [h/VHz]

—— 03 LLO (high SQZ) [130MPc]
- 04 quantum 400kW arms + 4.5db SQZ
04 with improved technical [192 MPc]

1072

10! 102 10°
Frequency [Hz]

= \Virgo
* Project Advanced Virgo+, Phase |
[Phase Il after O4 run]

New Input Mode Cleaner Payload ==
(Improve controllability and stability) Seismometer Array
lrglwrlr\:]nted Barfr?ent i acsbioes (Measurement and cancellation of
l(i :gc easurement of scatte _ Newtonian Noise)
u
9 Mode
eeeeeee
—a
High-power Laser w
(Increase the circulating —=cr
g CP NI NE
bower) oo || T s
1 —Yrm— H_ Hw H
LLLLL U
ppppp
Signal Recycling Mir.ror 2 |._-_.{ ]
(Change the sensitivity curve) | 1 gy
Auxiliary Laser System CCT —

RM
(To control the Signal Recycling Cavity) | Frequency Dependent Squeezing
(Improve high frequencies without

i spoiling low frequencies)
High-finesse Output Mode Cleaner

Output [§F
(Reduce losses) PR el M light source
Low-noise photodiodes
(Reduce the electronic noise)

Photodiode (&

» KAGRA (Kamioka, Japan) joining the network

* Planned schedule impacted by worldwide covid-19 pandemic

= O4 is currently expected to start at the end of 2022, for about a year

19
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DetChar: O4 preparation

 Characterization of the upgraded (“new’) detectors
= So0-called “noise hunting” phase
= Noise budget
+ Example from
O3 for Virgo

Strain [1/rtHz]

87n
S k]

1023 |- ks
>

10—24 L

* Prepare for a larger rate of GW signals
with personpower not scaling up the same way
= Continue automation of current DetChar methods and tools
» Reduce their latency and increase the rate at which these analyses will run
= Extend the scope of DetChar monitoring
= Study the impact of data quality issues on the increasing number of detections
= Prepare for potential detections of new GW sources

20



Outlook: O4 and beyond

* O4 run to start by the end of the year
= Schedule still subject to changes

— Up-to-date information: https://www.ligo.org/scientists/ GWEMalerts.php

* LIGO-Virgo-KAGRA network

= 4 detectors operating jointly in the near future Today

Updated mm O1 02 wm O3
16 March 2022
&0 100 100-140
Mpe Mpc Mpc
LIGO i L
30 40-50
] Mpc
Virgo
a7
Mpe
KAGRA |

I-D4

I 160-190
Mpc

I
80-115
I Mpc
R

| (1-3)~10
Mpc

1 1

05

240 280 325 Mpc

150-260

G2002127-v11

* Then another upgrade period followed by the O5 run

= Temptative schedule
= Post-O5 plans are being developed

2015 2016 2017 2018 2019 2020 2021 EDEZIEDEZ]- 2024 2025 2028 2027 2028

https://www.ligo.org/s
cientists/ObsScen_tim
elineMarch2022.png
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Recent DetChar references

* Virgo References
= Virgo Detector Characterization and Data Quality during the O3 run
* arXiv:2205.01555 [ar-ac]
+ Submitted to Class. Quantum Grav.
» The Virgo O3 run and the impact of the environment
* arXiv:2203.04014 [gr-qc]
+ Submitted to Class. Quantum Grav.

e LIGO References

» LIGO Detector Characterization in the Second and Third Observing Runs
+ D. Davis et al., 2021 Class. Quantum Grav. 38 135014
+ arXiv:2101.11673 [astro-ph.IM]

= Detector Characterization and Mitigation of Noise in Ground-Based Gravitational-Wave Interferometers
+ D. Davis and M. Walker Galaxies 2022, 10(1), 12

= Environmental noise in advanced LIGO detectors
+ P. Nguyen et al., 2021 Class. Quantum Grav. 38 145001
+ arXiv:2101.09935 [astro-ph.IM]

= Sensitivity and Performance of the Advanced LIGO Detectors in the Third Observing Run
+ A. Buikema et al., 2020 Phys. Rev. D 102, 062003
+ arXiv:2008.01301 [astro-ph.IM]
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Posters on the Virgo and ET suspensions
(@

A seismic isolation system for the test masses
By the end of 2024, the Advanced Virgo+ gravitational wave interferometer (AdVirgo+) will  The new end mirrors will require 3 re-scaling of the payload and, consequently, a re-design of all

of the Einstein Telescope
A. Allocea’, V. Boschi?, E. Calloni’, M. Carpinelli®, P. Chessa*, D. D'Urso’, R. De Rosa',
undergo a major upgrade, called Phase Il and aimed at a reduction of thermal noise and an  the elastic elements of the end SAs (blade springs, suspension wires, magnetic AntiSprings and
extension of the observing horizon to more than 150 Mpc. Inverted Pendulum flex joints), in order to sustain the new loads without significant changes of

L. Di Fiore?, F. Fabrizi®, . Ferrante*, E Fidecaro®, A. Gennai?, M. Montani®, M. Razzano*,
The laser beam size will be enlarged on end test masses and better coatings will be implemented the resonant frequencies. Several studies are being performed in order to design and validate the

D. Rozza®, P. Ruggi®, L. Trozzo?, A. Viceré®
on mirrors to lower mechanical losses. In particular, end mirrors will be larger (55 cm in diameter)  required mechanical updates.
and heavier (104 kg) to deal with the larger beam size. Such studies are also providing useful insights on the design of seismic isolation systems for the
The seismic isolation of AdVirgo# mirrors and suspended benches will be provided by an third generation detectors,
upgraded version of the SuperAttenuator (SA), a passive attenuation system capable of reducing
the selsmic noise by more than 10 orders of magnitude in al six degrees of freedom above 3 few Hz.

The seismic isolation system of AdVirgo+ Phase 1l

A. Basti, V. Boschi, P. Chessa
@JEGO

V. Dattilo, R. Passaquieti, P. Ruggi INEN

1 lIstituto Nazionale di Fisica Nucleare (INFN) s waorse
2 Universita di Pisa e
3 European Gravitational Observatory

1343

"University of Naples Vederico I, ?Istituto Nazionale di Fisica Nucleare, *University of Sassari,
*University of Pisa, *University of Urbino ‘Carlo Bo’ , *Enrgpean Gravitational Observatory

Abstract
The Einstein Telescope (ET) gravitational wave interferometer will be the biggest research infrastructure buiit in Europe in the next decade and its design and construction will bring
unprecedented technological challenges.
eration g . such as ET, aim at ng their noise to the it foran
Hz. This improved sensitivity, with respect 1o Virgo and LIGO, gives access 1o the early Universe rger of |
high mass black holes. It makes. mw—wmmqmmm
The sensitivity increase in m- low frequency region will put however m-ummmmon the suppression of seismic noise. On the basis of the experience accumulated in

SuperAttenuator recap A New large mass end mirrors

FO: Thicker blades,
Updated Movatle Blaces support
Thicker Wires

construction and running the. int et for the fast two decad the. ET at frequencies above

Mirror mass 2 1044 2 Hz with the same height - nlnboulmm umnmvugns«pmmmm With respect to the baseline design for ET, this study aims at reducing the size of the Isolation system,
Marionetts mass 1037 1808 F1: Thicker lades, resulting in very significant cast savings in ET civil works. The project foresees an evaluation of possible solutions performing validated by
7 mass {sotal) s 35 Updsted Moveble Blades supgort experience, a detailed mechanical design of the first isolation stages, that are most critcal, thei y
* Bodysinterface 120 120 3 (\mznl F18lades and mine in.Sardinia, the site to host ET. due to its.

as Magnetic Antsprings.

o Undated Movsble Slades supoort

0 £3: Current £2 Blades and Introduction

Magnetic Antispring The gravitational-wave interfarometers of next generation, Einstein Telescope (ET

(03
u-lgun |)u|dCum&ulwm,mmgﬂnlwlwdwhmm
respect to Virgo and LIGO, but aiso extending at low their detection band as

shown in Figure 2. This improved sensitvity. gives access 1o the early Universe by
detecting high red-shift black hole mergers, to the extreme space-time curvature of high

F4: New 8lade configurstion,

WORKING PRINCIPLE Current Magnetic Antisprmgs

I we neglect the cross coupling between the
DOFs, the i-th DOF has a transfer function:

2

TN = T 1P: Langer Fiex Joints,
72 -1t +ami
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- where the resonant frequencies £, and o
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+ Seismic waves with frequency f >> f are (95% load increase]
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bended elastic maraging blades. The blades must be stiff enough to support load. - | = R
Such stiff springs have a high vertical resonant frequency (* 1.5 Hz) § z I8 Losd: 470 30)N
El H ;
oo ° Swess: (0.752004) GPa ook 8¢
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‘AniiSpring Force.
COMPUTED VALUES OF TAYLOR'S COBFFICIENTS. ¥
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The total elastic force F =~ (koK )y s
Magnetic st to give a vertical frequency f, = 0.3 Hz
AntiSprings.

Current blades must be changed with
stiffer blades, to support the incressed load
Resonant frequency must be kept to
reference (15 Hz) while keeping stress
within 0.5 UTS {0.92 GPa |

Magnetic AntiSprings must be re-tuned or
recesigned to incresse the antielastic
constant ky

Simulations have been developed to check
new blades and develop new Antisprings.
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Setup and simoulation of new Filter 7
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Filter 0 and Filter 1 have filled out blade slots R A Simulations Indicate that AntiSprings In F7 Al M AntiSpring
(with the stiffest preset blsdes available) % filters 0 to 4 can be simply re-tuned to 1 = A
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Antisprings of Filter 7 have been re-
designed and experimentally validated
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Latest O4 update

e https://www.ligo.org/scientists/ GWEMalerts.php
— Redirecting to https://observing.docs.ligo.org/plan

LIGO, VIRGO AND KAGRA OBSERVING RUN PLANS

(15 May 2022 update; next update by 15 July 2022)

LIGO, Virgo, and KAGRA are closely coordinating to start the 04 Observing run together. We plan to start the 04 Observing
run in mid-December 2022, with an Engineering Run to start in mid-November; low-latency alerts for candidate events
identified during engineering time may be released, both to exercise the system and to exploit their scientific value.

At present, the run is planned to start with only LIGO Hanford, Virgo, and KAGRA. While the commissioning of the detectors
is progressing, the plan towards readiness is being reviewed. The completion of LIGO Livingston's upgrades is taking
longer than planned. We project that Livingston could join the run in February 2023, but we are looking into options to
reduce the delay.

The projected sensitivity of the detectors remains unchanged: LIGO projects a sensitivity goal of 160-190 Mpc for binary
neutron stars. Virgo projects a target sensitivity of 80-115 Mpc. KAGRA should be running with greater than 1 Mpc
sensitivity at the beginning of 04, and will work to improve the sensitivity toward the end of 04.
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