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Exploring space-time: from O1 to O3b

Effective Binary Neutron Star (BNS) Volume-Time explored vs the number of compact binary coalescence
(CBC) detections:

LIGO-G1901322/public

Observing runs:
O1:Sep 12, 2015 —Jan 19, 2016 O1 02 O3a O3b
02: Nov 30, 2016 — Aug 25, 2017 100 -
0O3a: Apr1, 2019 —Oct 1, 2019

0O3b: Nov 1, 2019 — Mar 27, 2020

Some key events:

GW190814
GW190521
GW190425
GW170817
GW170814
GW150914 0
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https://gracedb.ligo.org/superevents/public/O3/
https://dcc.ligo.org/LIGO-G1901322/public
https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141101
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102

The rate density of compact binary coalescences

Compact binary star systems can emit detectable Gravitational Waves
(GW) in the last stages of their inspiral motion.

e BNS: two Neutron Stars (NSs) system, e.g. GW170817;
e NSBH: binary formed by one Neutron Star and one Black Hole (BH);
* BBH: two Black Holes (BHs) system, e.g. GW150914.
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http://arxiv.org/abs/1003.2480v2
https://arxiv.org/abs/1304.0670
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102#fulltext
https://arxiv.org/abs/2010.14533

Quantifying the detector performance

The detector strain sensitivity is the minimum detectable value of the strain produced by an incoming GW:

= It is determined by the detector noise.

BNS inspiral range: the distance, averaged over GW polarizations and directions in the sky, at which a single detector can
observe with matched-filter Signal-to-noise Ratio (SNR) of 8 the inspiral of two neutron stars.
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https://arxiv.org/abs/1304.0670
https://arxiv.org/abs/1902.03300

The effective BNS Volume-Time

Euclidean sensitive volume of the second-most sensitive detector in the network at a given time,
multiplied by the live time of that network configuration.

The network Euclidean sensitive volume is the volume of a sphere with a radius given by the BNS inspiral range.

= Multiplying the BNS
Volume-Time by the
CBC density rate we
get an estimate of
the expected number
of detections.
(ignoring cosmological
corrections)

Image Credit: Virgo Collab.

Ly

~ >
“Capricornus
Supercluster

CGapricomus Vokd

§ Pavoindus
o Superduster red
mdmcanuum;

Sculptor Void Supercluster

e

L
Supercluster’

T, o
R ook S SR
Supercluster ~ 4 Columba
B o rcluster.
3y

%

N

e

Francesco Di Renzo — Pisa, April 29, 2021

Microscopium / 4

BE

Virgo range

J
/ Superclusters
o

r ..

Corona ngéﬂs
Void /

Centaurus *
/ Sug‘duster
#

b
&8
Hydra,
. Coma
Superduster

£(2017 -

pley
Superduster

-

" Supercluster "

Corona-Borealis:
Supercluster.

Bodtes
Superclusters

LIGO-Virgo Network duty cycle during O3

H1l-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 %

IRIVRGD



http://public.virgo-gw.eu/index.php?gmedia=5vp4v&t=g#PhotoSwipe1592384420462

Increase 1n BNS range from O2 to O3a

Gravitational Wave Transient Catalog (GWTC): updated lists with all the

_2: -
GW transient detections are regularly published in the forms of catalogs. GWIC-2: 01-03a

GWTC-1: 01-02
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141101
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101
https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102
https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
http://link.aps.org/doi/10.1103/PhysRevD.102.043015
http://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.031040
http://arxiv.org/abs/2010.14527
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.221101
http://iopscience.iop.org/article/10.3847/2041-8213/aa9f0c/meta

Frequency dependent strain sensitivity

Detector noise is conveniently described as a stochastic
process. Its dominant contributions can be overall assumed
to be stationary and Gaussian.

= Its statistical properties are fully characterized by its
correlation matrix, or, equivalently, by the Power Spectral
Density (PSD);

= Its Amplitude Spectral Density (ASD, square root of the
PSD) provides a frequency-dependent measure of the
detector sensitivity.

Noise sources and limitations to the sensitivity

* Fundamental noises: from the physical limitation of the detection
principle and its implementation (continuous lines);

* Technical noises: from the actual implementation of the detector
with components that are not optimal, have imperfections
(dashed lines, only for ~stationary ones);

* Environmental noise, everything not included in the previous
categories, usually originating from the outside of the detector.
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Strain [1~VHZ]

Advanced Virgo reference sensitivity and noise budget

Quantum noise
Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
- Substrate Brownian noise
BB Seismic noise
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https://doi.org/10.1088/0264-9381/32/2/024001

Detector sensitivities and their evolution

» “Spikes” (spectral lines) in the strain sensitivity include technical noises not included in the noise budget
at the previous page;

e “Bumps” are usually a symptom of non-stationary or non-linear contributions to the noise.
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https://arxiv.org/abs/1304.0670

Advanced Virgo sensitivity from O2 to O3b
Advanced Virgo sensitivity improvement during 03 and comparison with 02 {(@} }v| RGD

Sensitivity curve
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https://tds.virgo-gw.eu/?content=3&r=17201

The matched filter technique and the BNS range

Additive noise model: Lo

1 GW150914

x(t =n(t) + s(t
X ( ), . ( ) . ( ) LVT151012
detector data  noise  signal GW151226

Signal model:
s(t) = oh(t)

with g the amplitude and h(t) = h(t; 8) the waveform model ((h|h) = 1).

10°%2L

Optimal detection statistic: likelihood ratio, in stationary and Gaussian noise

equivalent to: ——
{ ety = 43 KPR G) , J
0

1023}

- — Hanford
. — Livingston

JS(f) and 20|h(f)|/f (strain/vHz)

10" 102 10°
Frequency (Hz)
Phys. Rev. X 6, 041015

()

Compact binary inspiral range [Bassan2014]:

5/6 -
d 1 M fISCOf 7/3
=8 — X 1.95 X 10720 [ — j d
1 Mpc 2.26 <M@> \/ FoS() /

where fisco = 4.4 kHz (MO/M). Fortwo NS of 1.4M: M = 1.22 M and fisco = 1.57 kHz
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https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.041015

Simplified optical layout of the V1rgo detector

The Virgo detector is a power-recycled, modified Michelson
interferometer that exploits Fabry-Pérot cavities in its arms.  suensonwie

* The Michelson configuration is optimal for detecting the
differential variations induced by an incoming GW on its
arms;

Standardfilters

* High power laser source: Nd:YAG of 1064 nm wavelength;

* Main optics constituted of a bulk of fused silica and high-
quality coatings;

e Alltest mass mirrors are suspended through a chain of Plegs (@%’“"
irgo

North Arm , 3km

mechanical filters plus an inverted pendulum called

Superattenuator [Braccini2005]; Input . Squeezed
: Test Masses " x;:::::,
* Fabry-Pérot cavities increase the optical path of the light Tect Mase :
along the two arms by a factor proportional to the finesse. . —

SR lens Detection

Power Recycling
Mirror

Sensitivity increases by a similar factor at high frequency;

* A suspended power recycling mirror creates a further
. . . . . Input Mode Cleaner
optical cavity with the bright port of the beam splitter: Jl
increases circulating power [VIR-0128A-12]. Lot
RGD

source
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https://www.sciencedirect.com/science/article/pii/S092765050500068X?casa_token=T4TEp4oKihUAAAAA:6pYiwX5HTdcGwV1NFnR5b5vO6PbkDOe1Kv1YyIim2Z1_w9vSnIi-HkBEbhdtFjh-36M6pdcNLw
https://tds.virgo-gw.eu/ql/?c=8940

From Virgo to Advanced Virgo

Advanced Virgo project started in 2011, with the goal of increasing
the BNS range by one order of magnitude:

— 1000 times larger sensitive volume (and detections).

—— VSR4
—— 02 (Best online)

Main upgrades before 02 [Acernese2015]:

—
Q
©

IWIIIE&&*—L'_\L

h 1/sqrt(Hz)

e Heavier mirror test masses: from 20 kg to 42 kg;

* Thermal Compensation System to compensate defects of core 10

optics due to laser heating: Ring Heaters, Compensation Plates.
New payload design; il “
e Larger beams at input test mass mirrors: from 2.4 cm to 6 cm; : N | L ‘
. ’
* Better optics: finesse 3 times larger, improved coatings to 10% ‘-v

reduce losses (absorption and scattering);

T lllll[l

1111 l

10°

e
I 11152 | | Y I

* Suspended optical benches in vacuum for the injection and 10% L
detection optics, new set of baffles and diaphragms: reduce
scattered light from vibrating surfaces Virgo+ (2011): 12 Mpc = Advanced Virgo (02): 30 Mpc

frequency (Hz)
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https://doi.org/10.1088/0264-9381/32/2/024001

Advanced Virgo from O2 to O3a

Upgrades between 02 and O3a:

* Replacement of the steel wires suspending the

. o] . . ]O 19 T
four test masses with fused-silica, monolithic —— 02 (Aug. 2017).30 Mpc BNS Range
suspensions: reduction of suspension thermal F b ek st sy it s sl
nOISG be|OW :I.OO HZ [A|582015], 10-20 - Observing Scenario (Rel. [19])

]

* More powerful laser (65 W), which increased
from 10 to 19 W the injected power, improving
both stability and high frequency sensitivity;

1

* (Frequency independent) squeezed light injection.
Reduction of shot noise, slight increase in
radiation pressure below 40 Hz [Acernese2019];

Strain ASD [VHz
=
|

]{‘}—22 _

e Subtraction of 50 Hz mains line and improved
control strategy for the suspended benches 1077
below 30 Hz;

10! e e e

e |dentification and mitigation of several other Frequency [Hz] Al 2020
OCCa

sources of technical and environmental noise:
less spectral lines and noise features.
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https://doi.org/10.3390/galaxies8040085
https://doi.org/10.1016/j.nima.2015.09.037
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.231108

Advanced Virgo from O3a to O3b

Upgrades between O3a and O3b:

* Increase of the |laser power to 26 W; "

. - — 02 (Aug. 2017}, 30 Mpc BNS Range
* Replacement of some pre-amplifiers of the —— O3a(Apr. 2019). 51 Mpe BNS Range

detection photodiodes: removal of flicker noise — gibebgﬁzmnSG'(;Iﬁﬁﬁ]S)Ra
and +2 Mpc increase from January 2020; 10729 -

—1

Hz ]

* Improved performance of the etalon feedback
system: reduction of residual finesse asymmetry
by acting on the mirror temperature. +2-3 Mpc
of BNS range [Brooks2020];

=

L S
?——-
———

e Software modifications to the reconstruction of 10722 ; | "l |
the strain signal (hrec): +2 Mpc promoting some m"l '& &

channels from single to double precision; |

Strain ASD [

10—23 |

* Mitigation of some scattered light sources related
to the alignment of the squeezing.

10! e TS e
Frequency [Hz] Allocca2020

. . . N\
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https://doi.org/10.3390/galaxies8040085
https://www.mdpi.com/2075-4434/8/4/80

Reduction of non-stationary noise

So far, we have mostly dealt with the improvement of the sensitivity from the point of view of the
stationary and Gaussian part of the noise. Also the rate of transient excesses of power (glitches) has
been significantly reduced:

e From O2 to O3a: reduction by 40 times of the glitch rate per minute;

* From O3a to O3b: increase by 60%, mostly due to bad weather

conditions associated to seasonal change. Example of Scattered light glitch

V1:Hrec_hoft_16384Hz
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Advanced Virgo+: phase I, 2020-2022

Goal: reduction of quantum noise, reach 100 Mpc for 04

Signal recycling mirror (installed July 2020): reinject signal into the
interferometer. By varying the resonance condition, it is to “tune” the
detector sensitivity [Danilishin2019];

e Auxiliary green laser system to control FP cavities: now 5 longitudinal d.o.f.;

Frequency dependent squeezing (infrastructure ready early 2021):
squeezed light with different angles depending on the frequency.
Reduce shot noise at high frequency and radiation pressure at low
frequency;

New laser system (2020 completed): 100 W monolithic fibered system,
able to inject ~75 W in the interferometer (65 W done);

New payload and end-mirror replacement for the Input Mode Cleaner
cavity (2020 completed). Baffle installation (ongoing);

High finesse Output Mode Cleaner (2020 completed). Reduce losses
and mitigate scattered light with diaphragms and beam dumps;

Newtonian Noise Cancellation (installation completed, ongoing
characterization): array of seismic sensors around the main mirrors.
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https://link.springer.com/article/10.1007/s41114-019-0018-y#Abs1
file:///C:/Users/Francesco/AppData/Local/Temp/VIR-0168F-21_StatusOfAdvancedVirgoAndUpgrad.pdf

Advanced Virgo+: phase II, 2023-2025

towards the limits of 2°? generation detectors

Goal: reduce thermal noise, reach 200 Mpc

* Modified beam geometry inside arm cavities to
increase the beam size on the end mirrors: larger

. . . Ring Heater ® ® WE
area, smaller thermal noise effects, in particular actuator
around 100 Hz;
e Larger test masses (40 = 105 kg, 35 = 55 cm diameter) Input -

Mode
* New suspensions and seismic insulation mechanisms; Cleaner

* New coatings with lower mechanical losses: expected
reduction by a factor 3;

* New materials to be identified before August Laser bench
2021. Possible candidates:

* Silicon Nitride,

WI
1 cr CO2 laser

bench

Suspended & &I
e Gallium Nitride. Injection
bench * SRM

Output Suspended
Mode 1X] ) detection

Cleaner Bench 1
Suspended
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Advanced Virgo+ design sensitivity

Main parameters of Advanced Virgo+ for phase | and phase Il [Flaminio2020]:

Parameter O4 high [O4low |O5high (OS5 low A1 ! T ‘
L Best O3a: 51 Mpc (Apr 5,/2019)
Power injected 25W 40 W 60 W S0 W § * O3a Best O3b: 60 Mpc (Feb 20, 2020)
O4high: 90 Mpc
: : i O4low: 115 Mpc

Signal recycling Yes Yes Yes Yes N L/\W * O3b 05hi:h: 145 Mpc ‘ [
Squeezing type FIS FDS EDS EDS = BQ /| . 04 St |
Squeezing detected level |3 dB 4.5 dB 4.5dB 6 dB _ i

T /
ITM mass A2kg  |[2kg  M2kg  |42ke 3 V)

> 10-22 B A\ \
ETM mass 42 kg 42kg 105 kg 105kg g F (\

»
ITM beam radius 48 7mm [48.7mm [48.7 mm [48.7 mm \J \
ETM beam radius 58 mm 58mm  |96mm |96 mm 102 -.
Coating losses ETM 2.37e-4 237e-4 |2.37e-4  |0.79e-4 h
Coating losses [TM 1.63e-4 1.63e-4 |1.63e-4 [0.54e-4
Newtonian noise reduction/None 1/3 1/3 1/5 10241 L N o

10" 102 10° 10*
Technical noise “Late high”[*Late low”|Late low”|None Frequency [Hz]
BNS range 90 Mpe 115 Mpe 145 Mpe 260 Mpe high: pessimistic case, non-optimal configuration
low: best sensitivity goal
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https://doi.org/10.1117/12.2565418

34 generation detectors: the Einstein Telescope

Goal: achieve sensitivities 100 times better than 1%t gen. detectors
e Located underground to reduce seismic and Newtonian noise;

« 10 km long arms, in an equilateral triangle configuration: able to resolve GW 0
polarizations; :

N

AP S
“ e
#, || Grn-LF

* Xylophone configuration: each of the three detectors would be composed N
of two interferometers, one optimized for operation below 30 Hz and one ﬁiﬁﬁgﬁiﬁ;&e
optimized for operation at higher frequencies;

* The low-frequency interferometers will use cryogenic optics, cooled to 10 K,
with a beam power of about 18 kW in each arm cavity. The high-frequency
ones (10 Hz to 10 kHz) will use room-temperature optics and a much higher
recirculating beam power of 3 MW,

10721

[ET conceptual design study]
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http://www.et-gw.eu/index.php/etdsdocument

Conclusions

Advanced detectors:
* 50 confirmed CBC detections (GWTC-2), and more to come with the results from O3b (GWTC-3);

* Significant contribution of Advanced Virgo to the network: 5 two-detectors event involving V1,
7 events with sky-localization (90% C.R.) smaller than 1% of the sky area;

* Application and development of state-of-the-art technologies in interferometer working principle
and control;

e Advanced Data Analysis techniques, involving refined computational and statistical methods,
including Machine Learning.

Advanced Virgo+:

e Asignificant part of the upgrades for phase | has been completed and their commissioning has
started (early 2021);

e Aiming at locking the full interferometer in August 2021;

e Phase ll: mirror production has started, optical design and large payload under construction.

N\
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6 (deg)

Antenna pattern function and network alignment

"+" pattern, =0

:«
:

e NN P

"x" pattern, Y=n/4

RMS antenna pattern

Network alignment: contribution to total network SNR from second polarization component. Important for reconstruction
of both GW polarization and sky localization.

Network = LH Antenna Pattern = |\F IAF |

¢ (deg)
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Network = HLV

Antenna Pattern = |\F |IAF |

0
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Credit M. Drago

Network = LHVIK Antenna Pattern = |\F IAF |



http://www.icra.it/MG/mg13/talks/gw2_drago.pdf

O3a updated CBC rates

Population properties from the GWTC-2: arXiv:2010.14533

Differential rate density distribution of primary
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masses inferred using a Power Law + Peak model Merger rate density as a function of redshift
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Rpns = 3201320 Gpe ™3 yr~!
RBBH = 239t%469 GpC_3 yr_l

R — 7416 Gpc=3 yr—1 *
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* Assuming GW190814 is a NSBH
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https://arxiv.org/abs/2010.14533

