EGO/Virgo Visit
10 October 2023

Nicolas Arnaud (nicolas.arnaud@ijclab.in2p3.fr)

Laboratoire de Physique des Deux Infinis Irene JolictCurie (Université Paris-Saclay & CNRS/IN2P3)
European Gravitational Observatory (CNRS, INFN & NIKHEF Consortium)

UNIVERSITE
@) EG Ot ik
GRAVITATIONAL SUD
OBSERVATORY

Iréne Joliot-Curie université


mailto:nicolas.arnaud@ijclab.in2p3.fr

Thanks to the many colleagues from the LAL (now 1JCLab) Virgo group,
Virgo and LIGO, from wich | borrowed ideas and material for this talk



B[N [
e
=

- ~140 participating institutions

from 15 countries
AGathered in-35 groups
from 9 countries

Aberdeen
scot.

Glasgow.

United

innecyh AP Varese Udine; Za%reb
[ ] Lombardia ks L ,
ambéry Novara ‘ _sTrieste 4
Piemonte Verona Venezia| | . sije
Piacenza ! | Rijeka
Alessandria P 9 "
arma- Bologna ( N Banja Luka Tuzla
Genova Citta diiSan Hrvatska
o " ola Spezia Marino ™ \ : Bosna i Hercegovil
57 @ Zadar BocHa n
EGO —DGZE
. - scana \ -
EuropeanGravitationalObservatoryEGO): Nate 0 -
p - Grosseto \ Mo o ¢
\ 1 rna
. - 20 —_
the lab hosting th¥irgo detector - 0 N
\ Abruzzo N )
\ F . ® Italia
giaccio ! Roma Campobasso
% . Lating Giugliano Foggia Bari
ecent snapns members— autnors \ | ncampania ‘
| Sassari \ -y PMDONic Puglio
| i
| ' = Potenza Targnto ""“'5'
] ! Lecce |
|
|
Castéddul ] abria
\ Cagliari~ i
Longnoia T Zaidh : c -
Z - TN 4 1km
e 3000 ft
eanlng ower of Pisa P ool | 2000
B P
h» 5 e & &
rese \
San Martino N =t ;
cEp E 3 San Sisto al Campo ; ; ¥ etonte
Gathenburg @ Porta a Piagge Pino. i N g qu?;vu‘mu
v > Cisanello WS > . % me
o Latvia se\ Sl /e
. , IS, 8 it S
Denmark 7 70§ ooy, San Lorenzo 145im - a4 m
q Lithuania 7—/\ SantErmete S\ " alle Corti 1
/ B - Riglione Uliveto Terme:
Kaliningrad i ,,‘,’,',"Q(,‘ZZ}'” Oratolo Laiano Vop
ettola v, < ‘Montione o, W San Casciano

Kingdom

Ireland

WALES
Cardiff

Bordeau

-Gasteiz

Zaj

Madrid
Portugal Val

°
Lisboy Murcia:

Seville

Tangiér

igoszcz

Czechia by
QQ Cnermvx

Hungary Cluj-Napoca

Vvenna

Croatia— Romania

¥ 4 Buch
Bosniaand’ gerpia ¢ Crliov PUg"
Herzegovina A

Montenegro Bulgaria

No L
Macedol

Albania Coltano

Palermo.
Catdhia

Athens

Tunis
Constantine ©

Solisse
Tebessa . Malta)

®
o

o/

X i
PisaNord Est Cirege,

Titignano.

Pisa Nord Est Navacchio san Frediano Lugnano
— a Settimo.
T o
San Prospero w "oMagnay San Benedetto ey 2

San Glorgio
=) aBibbiano
San Lorenzo

Cascina
a Pagnatico

Navocchio®Visignano
Nayocehio=Visignano'

Costge 5567bis
3

Costiga
b

Ao
AT

0.
gL
!




Virgo from the sky
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If Virgo were locatedn University of Marylang College Park
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Gravitational waves

- One of the first predictiond.916)
of general relativity(1915)
AAccelerated massésduce

perturbations of the spacetirtiat
propagate at thgpeed of light

- No gravitational wave (GW) emission if the source is axisymmetrical
A A « good» source must have an asymmetrical mass distribution

- GW amplitude h

ADimensionless

AScales down liké/(distance to source)
- Detectors are directly sensitive to h

- Factor2 (10)gain insensitivity
U Gain of a facto® (10)in distance
U Observable Universe volume
scaledoy a factor8 (1000)

100 million light years



Effect of gravitational waves on test mas




Signal model accuracy and completeness

low

high

GW sources

Classification
ATransient
AModeled

Continuous
Unmodeled

/
/

Drivesthe choice of the
data analysimethods

Coalescence of Compact Sources Continuous Waves

P

Colliding binary systems
(e.g. black holes, neutron stars)

’

e
s

Rapidly rotating neutron stars
(with lumps on them)

Stochastic

A stochastnc,'unresolvable background
(from the'Big Bang, or all'of the above)

Asymmetric_ core collapse su pefnovae
(and other poorly modeled events)

A g H
E——— GW frequencycontentd evolution
— .
— . Detectorbandwidth
Continuous waves
CBCs BNS o .
Quantum fluctuations in early universe
AAAAAAAARAL
VUYL i l\} Binary Supermassive Black
BBH - Holes in galactic nuclei
8 Compact Binaries in our
bt b4 S Galaxy & beyond
o o
< e o
nl 3 3 Matched filtering effective v Compact objects
" \I l“ b L captured by Rotating NS,
c c Coherence methods effective Sypenmansies Ko Supernovae
|MBH e 1 Holes
e a wave period agg of
© B universe years hours sec ms
i ak R =
' Bl | | |
eBBH log(frequency) -16 -14 -12 -10 -8 6 -4 -2 0 42
% “Bur WWM'W“V”MWMWMW\ WMIMWM & Cosmic microwave Space Terrestrial
" ﬂ 8 background Interferometers  interferometers
e Stochastic background g sy
-
is (]
. X ) » o
ms sec min hours days years millennia
Waveform duration in-band in Advanced LIGO




Gravitational wave spectrum

Quantum fluctuations in early universe

. Classification !

Binary Supermassive Black

v

in terms offrequency

Holes in galactic nuclei

” " >
O N Fr—
5 Compact Bigaries in our
S Galaxy & beyond
= © NASA < g
AN Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
f Holes < >
_ ageo ) d
wave period years hours sec ms

universe

log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0

+2
——> —> <+ —
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers] interferometers
polarization

Detectors

LIGO, Virgo, etc.
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An Iinterferometer in a nutshell

T. Pyle, Caltech/MIT/LIGO Lab

(Sensitivity, ~ 1/(arm length) / Qlaser power)

As small as possible




The Advanced Virgo detector scheme

SWEB

B8

- Suspended WE
powerrecycled
Michelson 02 (2017/08)
. and
interferometer vods 03 (2019/041 2020/03)
with Fabry-Perot Cleaner configuration
cavitiesin the
kilometric arms
Wi
SIB1 CP
Faraday CP NI NE SNEB
|solator BS
H e
PR POP [Q] B5
@52
SIB2 S h t.
chemaltics
/_[EOMCS not to scale
\@ SDB1
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Noise & sensitivity

- Noise any kind of disturbance which pollutes the dark fringe output signal
- Detecting a GW of frequency*f amplitude h d4arger» than noise at that frequen

- Interferometers are wideand detectors

AGW can span a wide frequency range

AFrequency evolution with time is a key feature of some GW signals
- Compact binary coalescences for instance

- Numerous sources of noise
AFundamental

- Cannot be avoided; optimize design to minimize these contributions
Alnstrumental

- For each noise, identify the source; then fix or mitigate

- Then move to the next dominant no
AEnvironmental

- Isolate the instrument as much as possible; monitor external noises

. IFO sensitivity characterized by #snplitude spectrum densigASD, unit: 1/0Hz)
ANoise RMSin the frequency band [ff...] = \/ﬁ ASD?(f) df

12



Main interferometer noises

Thermal noise

(coating + suspensiohn

© Antonino Chiummo

Stray-light

Input
Mode
Cleaner
200W Faraday
E Isolator

Laser

1]

Residual gas
(phase noise)
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Interferometer control

- A complex working point

AResonant FabrPerot and recycling cavitiesIFO on the dark fringe
AArm length difference controled with an accuracy better thah%®
AThe better the optical configuration, the narrower the working point

- « Locking » the IFQO is a nottrivial engineering problem

AUse several error signals to apply corrections on mirror positions and angles
- PoundDreverHall signals (phase modulation)
- Auxiliary green laserffor 2"d generation IFOS)

AFeedback loops from few Hz to few kHz

ACope with filter bandwith and actuator range

B8
Wy

£\ Photodiode
Quadrant photodiode

m

- Multi-step lock
acquisition procedure
Free mirrors v a7t are

3k

144 m

Local control

Globalcontrol

Q1p B1p B1 B5 Q51



A network of interferometric detectors

GO Livingston
Louisiana, USA




A network of interferometric detectors

Hanovre
= (Allemagne)
GEO600

Hanford

(Etat de Washington, aux Etats-Unis)
IGO

- A single interferometer is not
enough to detect GW e ' <
P ) . y £ 1O GRAVITATIONNELLES 4
ADifficult to separate a signal e olye €T,RAVERSLEM°NDE
from noise confidently | " e
AThere have been unconfirm
claims of GW detection

Livingston
(Louisiane, Etats-Unis)

LIGO

(prés de Pise en Italie)
Virgo

KAGRA
(en construction)

- Need to use a
network of interferometers

- Agreements (MOUSs) between the
different projects Virgo/LIGO: 2007

. _ SOURCE
AShare data, common analysis,
publish together
. . IFO Dt max
- IFO: nondirectional detectors pair | (ms)
nontuniform response in the sky % VH | 2720
GHOST V-L 26.39
- Threefold detection: reconstruct H-L | 10.00

source location in the sky
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A network of partners

- Search for counterpartd the gravitational wave signal
AElectromagnetism

ANeutrinos
AParticles

LIQO Hanford

ejep Jajsuel|

<
N—

data

L
. . .
IGO Livin n 16O India
\/

Tens of partner telescopes

GEO 600
Virgo

GW__)

Analyze data,
identify triggers,
estimate FAR,
infer sky map

Send info
to observers ,\X /\/

Validate
(DQ, sign-offs)

a

Select event
candidates
(Pipelines, FAR)
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LVK dataflow

- From: A guide to LIGO-Virgo detector noise and extraction of transient gravitationalwave signals

AB. P. Abbottet al., 2020Class. Quantum Grad7 055002

- Detector Characterization p — \
& Data Q u aI Ity 'I:';TCI:?:: _ Make Triggers
S = || 2] oot o ore ety
- Event validation T l
- Auxiliary & environmental sensors ﬁ* dertiioc Sgnale
. . [ PARAMETER )
- Different latencies \ J | EesTimation
AOnIIne Whitening
z nterferometers 1 y l —> ==
A Oﬂ:l I n e = . . | (D) Char:reat;c:r?:ation Event |_ |_
j Calibration - & | validation
AOn_demand x Data Quality
A A 4 ,
Man Anatysis
monitoring levels S |
4 Auxilia @
A DeteCtor Enviro:m;ynlal 8
- o]
A N etWO rk S Instrument Performance
AAnalyses 18



https://doi.org/10.1088/1361-6382/ab685e

19162022 a century of progress

» 1916 GW prediction (Einstein)

1957: Chapel Hill Conference] (Bondi, Feynman, Pirani, etc.)

_ _ +1960060s: first Weber bar
- 1963: rotating BH solution (Kerr)

- 1970: first IFO prototype (Forward)
- 1972: IFO design studiegWeis9
- 1974: PSRB 1913+16 (Hulse & Taylor)

= +19800s: | FO plong)t ot ypes
o ) (Caltech, Garching, Glasgow, Orsay)
o g - End o f:Vitgd @BfllétsGiazotto)
g O and LIGO proposals
=l &
.1 9 9 @CBGPN expansion W .19906s: LI GO and Virgo
(Blanchet, Damour, Deruelle,
lyer, Will, Wiseman, etc.) - 20052011: initial IFO « science» » runs
. 2000:BBH effective onebody + 2007: LIGO-Virgo MoU

approach (Buonanno,Damour)
-Fi r st hal f of the 20100

- 2006:BBH merger simulation _
0 ]_ First GW

(Baker, Lousto, Pretorius, etc.) - 2015 First Advanced LIGO run :
Detections

- 2017 First Advanced Virgo run
- @




September 14, 2015, 11:51 CEST

Event called
. Signal observed in the two LIGO GW150914:
detectorwith a 7 ms delay . Gravitational
- wave
AExtremely shor{< 1 s) 2015
AVery strong . September

AWith respect to thenstrumental noise | - 14

AVery weak in absolute terms

LIGO Livingstoh Louisiana, USA 4l



GW150914: spectrograms

L1-DCS_CALIB_STRAIN_C02_OMICRON

. N 9

- Time-frequency maps B .
A :
Frequency (Hz) = 6

5

4

3

> Time (s) 2

—

. Search for an excess of e BISIEONY 1126250462 1126259462.11126250462.2 11262594624 T1 1 26[2?9469_5
With reSpeCt to th e n O i Se Loudest: GPS=1126259462.416, f=157.965 Hz, snr=9.225
AU sin gwav elets H1-DCS_CALIB_STRAIN_C02_OMICRON

- The excess must be coherent
(and coincident in time)
In between the two detectors

Frequency [Hz]

- Real time analysis during O1!

- GW150914 is strong enough
to be visible <y eyes»

1126259462 1126259462.1 1126259462.2 1126259462.4 1 1262594625
Loudest: GPS=1126259462.421, f=132.733 Hz, snr=12.752 Time [s]
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Why two black holes?

Inspiral Merger Ring-
down

- Result of matched filtering!

AExcellent match between f ( G 0
the best template and the ) )
measured signal Lo .

- Two massive compact objects :IA 0.5 ﬁ

orbiting around each otherat 3 6
75 Hz(half the GW frequency), € J\’\A(
hence atelativistic speed i3 U u 1

and gettingrery closebefore -1.0 T—Numerical relativity
the mel’ging: Only a feW &Wayl I Reconstructed (template)

_— | l | T o

- Black holes are the only So6f {4 =
- : Py || = Black hole separation 43 o

k'nOV.Vn C.)bJeCtS which can g 8‘51 === Black hole relative velocity 42 :‘E

fit this picture 5 11 ©
L =~ 0.3 1o @

- About 3 M ,radiated in GW 0.30 0.35 0.40 045

. Ti
. The «brighest» event ever seen el

AMore powerful than any gamnray burst detected so far
APeak power larger than 10 times the power emitted by the visible Universg@2



GW170814.: first Adetector signal

- Detallled studies confirmvidence of a signal in the Virgo detector

Frequency [Hz] SNR

Whitened Strain [10'21]

Hanfgrd ]

SO NN W W R U
O oW OO O Ul O

o w;

1

| o

1

i i j i
0.46 048 0.50 0.52 0.54 0.56
Time [s]

i I i i
0.46 048 050 052 0.

Time [s]

54

i
0.56

i i I I
0.46 0.48 0.50 0.52 0.
Time [s]

I
54 0.56

Normalized Amplitude
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GW170814: LIGQVirgo sky localization

- Triangulation
ADelays in the signal arrival time between detectors
ADifference in shape and amplitude for the detected signals

24



A long time ago in a galaxy far,
far away....




Thursday August 17, 201714:41 CEST

- Signals recorded within 1.7 second
ALIGO (gravitational wavefirst
AThen theGBM instrumeni{gamma ray burybn board the Fermi satellite

Gamma rays, 50 to 300 keV GRB 170817A

Gravitational-wave strain GW170817




T h e

- 2017/08/18
01:33 CEST

- Discoveryof the
optical counterpart
by theSWOPE
telescopen Chile

f ol |

OWI ng

NGC 4993

April 28, 2017

.

Hubble Space Telescopé ;

SSS17a .

August 17, 2017 Swope Telescope

—17
I:l Swope FOV
Host Probability
e 10%
B 1%
0.1%
21

Declination
ly
&

131]12m ]3h0m

~ (1/160,000}1h
of the sky

90t

LVC Localization Confidence Percentile

12b48™ 12b36m 1219 4m
Right Ascension
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Sky localizations & source position

- Combined Signal / Noise Ratio of 32.4

- Source close to one of the Virgo blind spots

- Accurate sky localizatiosent at1l9:55 CEST(+ 05:14 after GW was recorded

- Green LIGO and - LIGO
LIGO + Virgo LIGO/ - \\ L
Virgo 4
- Blue: information
from gamma ray
burst satellites Fermi/
o GBM
. 16h 12h
' thlcal IPN Fermi /
discovery(Swop¢

\ INTEGRAL

-30°

8h

-30°

Swope +10.9 h
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500 e -
P LIGO - Virgo FormiGoME_ [ . G
MUI“ '| | |essenger 300 | I W
200 | S 3 Py

4 % ﬁ
t 92 E
= O
Astronon )Y 1

4000 6000 10000 20000
t-t, (S) wavelength (A)

GW

LIGO, Virgo

y-ray

Gravitational waves
gammaray burs | |

. X-ray
the whole electromagnetic

spectrum 2 —

H T
Optlcal P PY
wope, DECam, DLT40, QEM Hm e HST, Las Cumbres, SkyMapper, VISTA. MASTER, Magellan, Subaru, Pan \

STARB
HCT, TZAC, LSGT, T17, G i, NTT, GROND, SOAR, ESO.VLT, KMTNet, ESO-VST, VIRT SALT, CHILES M)HOS I\“ II I | I I I I I

BOOTES-5, Zadko, iTeles CrpeN ot AAT Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

A = P
REM-ROS2, VISTA, Gemini-South, 2MASS Spitzer, NTT, GROND, SOAR, NOT, FWnnm Telescope, HST - \
= NI iyl
- S \
Radio i \ St
ATCA. VLA. ASKAP, VLBA, GMRT. MWA, LOFAW%A OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg \
S IV LTATE ) B
- ‘
T L \
-100 -50 0750 107 10" 10° 10
‘
17 (s) t-t; (days)

_~

1M2H Swope

-

VISTA Chandra

10.86h i Alt12ah  wk| leod X-ray
Visible MASTER Las Cumbres J VLA

<> | o » RO
1.0 15 '

Wavelength (um) . ., : ..
11.31h. w||11.40h iz|[11.57h )

j16.4d Radio 2 9




Worldwide astronomy o=t S~ Kl
10 O -

. . The discovery and analysis of GW170817 and its
- Three graVItatlonawave detectors associated electromagnetic events involved

. TenS Of partner Observatories researchers working in 45 countries and territories.

.LIGO Hanford -

o0,
O Virgo
3 .
LIGO Livingston




The LIGOVirgo O3 run

- 01 April 2019- 27 March 2020
A1 month commissioning brea®ctober 2019
- Ended 1 month earlier than anticipatkee to thecovid-19 pandemic

. Updated

- Ox: Observing Run x R i = O1 02 == O3
AOZ1 LIGO detectors g0 100 100-140
AO2: Mostly LIGO, Mpc  Mpe Mpc

Virgo 1n LIGO I

AO3: LIGO-Virgo

30 40-50
1 Mpc Mpc
Virgo L
0.7
Mpc

KAGRA |

' : ', ! : ! 1.

G2002127-v11 2015 2016 2017 2018 2019 2090 2021



Amplitude spectral density

10—20

10—23 i

BNS Range Record
[Mpc]

The LIGOVirgo O3 run

- 02-0O3 improvementm theVirgo sensitivity
ABNS rangeaverage detection distanassuming an SNR threshold of 8

Advanced Virgo sensitivity improvement during 03 and comparison with 02

Sensitivity curve

M2JINVIRGD

]
—— GW170817: 2017/08/14

10? 103
Frequency [Hz]

02 03
60 - _‘_/-'—
50 [ ~
40 4

,r_7 . 30 i

20 -
10

T T 0 T T T T T

2017/08/12 2017/08/24 2019/05/30 2019/07/29 2019/09/27 2019/11/26 2020/01/25
UTC Time UTC Time

2020/03/25

32



Sensitivity curve and range

- Select goarticular type of GW sourcesinary neutron staBNS) mergers
- Average source location over the whole sky

- Average the binary system inclinatias well

Nov. Dec. Jan. Feb. Mar.

- Conventiondetectior? SNR =8
ASignakto-NoiseRatio

m LIGO Livingston m [ ]GO Hanford = Virgo

&JWM

—_
ot
o

25 -

B
=
. Reminderh(t)” 1/ distance > 1 :
= 100 e
- Sensitivity curvét  BNS range Z 02 Jan. 2020 .
- . ) o 15+ 28 ]m 2[)2(]
ATypical unit Megaparsec £
Mpc 250 M
[Mpc] - wwsm\mw&'r
<
g

arX|v 2111 03606[gr- qc]

0 - - T : - - _I - T - _ - T - I“
0 20 40 60 80 100 120 140

Time [days| from 01 November 2019
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https://arxiv.org/abs/2111.03606

The LIGOVirgo O3 run

- Virgo duty cycleoverO3

Status of Advanced Virgo during 03: 2019/04/01 -> 2020/03/27

2019/04/25 2019/06/19

M2JJVIRGO

2019/08/13

03a: 2019/04/01 -> 2019/10/01

Science: 76.3 %
Locking: 8.0 %

Any other state: 6.6 %
Commissioning: 4.1 %
Maintenance: 2.6 %
Calibration: 2.5 %

2019/10/07 2019/12/01

Science: 76.0 %
Locking: 7.3 %

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

Advanced Virgo in 03

2020/01/25

03b: 2019/11/01 -> 2020/03/27

Science: 75.6 %

Any other state: 7.0 %
Locking: 6.4 %
Commissioning: 5.3 %
Calibration: 3.3 %
Maintenance: 2.6 %

2020/03/20

34



The LIGOVirgo O3 run

- Global 3detector network duty cyciduringO3

LIGO-Virgo Network duty cycle during 03: 2019/04/01 -> 2020/03/27
Detectors: LIGO Hanford (H1) in WA, USA; LIGO Livingston (L1) in LA, USA; Virgo (V1) in Cascina, Italy

H1-L1-V1: 47.4 %
H1-L1: 14.8 %
H1-V1: 9.4 %
L1-V1: 11.8 %
H1: 3.0 %

L1: 3.0 %

V1: 7.4 %

None: 3.3 %

M2JIVIRGD
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A harvest of detections

- 90 signalsn thelatest edition of the LIG&/irgo-KAGRA catalog GWTC-3

GRAVITATIONAL WAVE MERGER DETECTIONS

SINCE 2015

gﬁf‘fm 01 2015-2016 02 2016-2017 03a+b 2019-2020

KEY
Note that the mass estimates shown here do not include uncertainties,

BLACK HOLE NEUTRON STAR which is why the final mass is sometimes larger than the sum of the

{SHOWH AT X10 SCALE} primary and secondary masses. In actuality, the final mass is smaller o
PRIMARY MASS © UNCERTAIN OBJECT UNITS ARE SOLAR MASSES than the primary plus the secandary mass. Y ‘._‘"||‘|y0?)(afﬂ4/ g;
= 30

FINAL MASS SECONDARY MASS 1 SOLAR MASS =1.989 x 10%g The events Listed here pass ne of two thresholds far detection. .

DATE(_TIME) They either have a prabability of being astrophysical of t least 50%, G

or they pass a false alarm rate threshold of less than 1 per J years.
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LVK transient GW detections

- All compact binary mergers
AThethreeexpectedypes
have been detected
EBBH:
Binary black hole
EBNS:
Binary neutron star
ENSBH:
Neutron stai black hole

- Classified by the masses
of the compact objects
which have merged
Ax-axis primary mass
- Heavierobject
Ay-axis secondary mass
- Lighterobject

37





https://arxiv.org/abs/2111.03606
https://dcc.ligo.org/LIGO-G1901322/public






https://dcc.ligo.org/LIGO-G2300154/public



https://observing.docs.ligo.org/plan
https://wiki.gw-astronomy.org/OpenLVEM






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



https://gracedb.ligo.org/superevents/public/O3
https://arxiv.org/abs/2210.15634
https://gracedb.ligo.org/superevents/S200311bg/view



https://gracedb.ligo.org/superevents/public/O4









https://arxiv.org/abs/2109.09882

