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o OUTLINE
1. GW theoretical background:

1) Spacetime curvature and its perturbation;
2) Wave solution and its effect on test masses;
3) Accelerating massive objects and GW emission.

2. GW detectors and observations:

1) First generation: from Michelson interferometer to Advanced GW detectors;
2) Second generation: Advanced LIGO , Advanced Virgo and GW170817;
3) Improvement of sensitivity and GW catalogues.

3. Updates and work in progress:

1) Get ready for the future data collection;
2) Way to the third-generation detector: the Einstein Telescope.
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«The gravitational field is not diffuse in space: the
gravitational field is space. This is the idea of the theory
of general relativity.» (C. Rovelli)

. Dimensional scale factor:

EINSTEIN EQUATION — J

—43
_[8mG ~2x1073
Spacetime curvature GHV =\—"7
T c Energy Density Tensor

LINEARIZED PERTURBATION THEORY — 1 D'Alembert Operator

16mTG
- Tuv

G = My + hyy 5y K1 — ohy,, =

S > ‘——? The metric perturbation is traveling at speed of light (c) along k direction.

i =g This wave solution is what we call Gravitational Wave (GW).
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GW PHYSICAL PROPERTIES

Consider free propagation in spacetime x* = (ct, X) in vacuum (T = 0):

oh,, =0 = hy,, = Aﬂveik”xﬂ where k#* = (a)/c,l_é)

L
&0 + @O <+ 0 &

The linearized Einstein equation results in a wave equation

in Lorenz Gauge:
dhH*

dxH
A,y is the amplitude tensor factor, which perturbation

affect spacetime geodetics on transverse plane.
Are GW physical or artifacts of the gauge choice?

1
* hy =5 (A1 — Ap);
* hyx = A1 = Azq;

ii+'x are gauge-invariant quantities [1, 2]
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TRANSVERSE TRACELESS (TT) GAUGE

The remaining gauge freedom is chosen to be traceless and purely spatial (assume z-propagation):

h, hy O ~
h'l-ro(t, z)=| hy —h, 0 |coslw(t—2z/c)] if k=(00,w/c)
0 0 0
2.0
“Free falling” geodetics of test masses: 4 ; = 0, remain at rest even after wave passage [2].
7=0

Z TT gauge — h;FjT valid for
generic superposition of
monochromatic plane waves
with 2 independent
polarization modes (h,, hy);

+ Polarization X Polarization

y y
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GW EFFECT ON TEST MASSES

h, propagating in Z direction, masses free on X-Y plane: In DETECTOR REFERENCE FRAME, mass coordinate
separation is proportional to h, [2]. In TT gauge

% GW affect the light propagation for masses at

distance L. Propagation on x axis and then back

again:
0

ds? = —c?dt? + [1 + hy cos[w(t — z/c)]]dx?

light storage arm test mass

light storage arm L
test mass 1 /o> L — At= Eh+ cos(wt)

test mass

test mass
Phase difference at photodetector in case of two

interferometric light rays (Michelson):

beam
splitter photodetector

2
A mich = Ap x — Ay, = 20, = 7— 2Atc =
4TTL
Image from [3] Naser h, cos(wt)
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Binary Pulsar B1913+16 — Weisberg, J.M., Taylor, J.H.

GW EMISSION FROM (2005] eI

0 -
ENERGY DISTRIBUTION sk E
* GW emission of non-relativistic sources (v < ¢) 2 n -
with size R (1/w > R) at distance r [1, 2]: E -10 b —
n B _
g -5 | -
t t—1 by - .
* Energy tensor leaded by mass density; > - .
. o -25 F —
* GW leaded by quadrupole moment [ ,,, % - -
radiation; E L E =
= - .
For an orbiting binary pulsar systems (right figure): “ - B
—35 |- |
I =~ MRZ I =~ 4MR2 O’r'b) _ :I | | | ]| I | | | | | | I | | ] | | | | 1| | | |1 | |
1975 1980 1985 1990 1995 2000 2005
Year
h ~ ifl\:Rz Wi, = 10721 at w = 2w,
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http://aspbooks.org/custom/publications/paper/328-0025.html
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What powered the big bang?
Only gravitational waves can escape from
the earliest moments of the Big Bang

Big Bang plus

10 -4 seconds

wave background,
distorted by seeds of structure
vy and gravitational waves

0= Numerical relativity \\_ - e 3
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* Binary Compact Objects (BH or NS): inspiral, merger
ringdown (last for BHs);

GW EMISSION
MECHANISMS

* Non-spherical spinning NSs: narrow frequency band signal
with well defined spectral components;

* GW stochastic background, cosmological origin or
superposition of unresolved astrophysical sources:
continuous GW with broad-band spectra;
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A MODERN MICHELSON
INTERFEROMETER FOR

GW DETECTION

Estimated sensitivity :

Using photon count:
variance
Nph Y Nph

PLaser = 1 W, fo, = 300 Hz:
AL A

T Nl
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GW signal reconstructed from variation of destructive
interferometry of splitting laser beams:

Image from [4] Test
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Mass

Power
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Mass
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Signal
Recycling
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[5]
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ADVANCED MICHELSON Advanced LIGO interferometer design
Image from [5]

INTERFEROMETER FOR GW |
mage from [4]
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Test A Simple Michelson D
T o e
T = - = = = —

Mass ~—— Michelson with FP

F = = = | ——Michelson with FP + PR ZEE ==Z3==35S -
~ZZ|=——Michelson with FP + PR +SR (aLIGO)|-,-, 1 - - - - =7 -~ 1. .- /1
= Fre = F == d == F J=l=l=l4 = = = i 1= = =1 1

————— F-=F=-F-F3 994
| | | ]

Fabry-Perot Cavities:

Ly =4km —m7 >
Strain [1/sqrt(Hz)]
s s

GW passage — more power leaks out
of the cavity

10- 121
h ~ -
P R li s 107 2 S ‘
ower necyciing. Mass 10 10 Frequency [Hz] 10 10
: Po
More the N,,— lower the shot-noise Recveling S e Ly=4km— >
— more the radiation pressure; I ‘
a . . 100 kW Circulating Power
Signal Recycling: — et
Mass Mass
resonant tuning of the signal increases the Recycling
signal sideband amplitude in a certain "W Photodetector
frequency band.
[5]
A cliovan ced
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BNS range [Bassan 2014]:
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https://link.springer.com/book/10.1007/978-3-319-03792-9
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O1 AND O2 OBSERVATIONS (GWTC-1)

0O1: Advanced LIGO Livingston (L1) and Hanford (H1) [3, 4];
02: Advanced Virgo joined Advanced LIGO in August 2017— restricting area of sky localization [7];

* 11 events detected,
including:

« GW150914: first GW
observation, with higher
energy emitted (3M);

: coherently
observed with three
interferometers: 1160
deg2 — (LIGOs) 60 deg2
(LIGOs + Virgo);

e GW170817: first
observation of binary NS
merger and relative
electromagnetic
counterparts;

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  BLGO (@/VRe ¥ cegrgia




GW170817 AND GRB1/7081/7A

2500

Lightcurve from Fermi/GBM (10 — 50 keV)
2250 1

20001 4 |
1750 14

Probability of ~ 5 X 1078 that GW170817 occurred close in time and with a
certain level of location agreement with a short GRB [11, 12, 21].

1500

Event rate (counts/s)

Time delay ~ 1,7 s, burst duration Tgg = 2,0 s. 0
Z 1750
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Amplitude spectral density

Advanced Virgo sensitivity improvement during 03 and comparison with 02

SENSITIVITY INCREMENT DURING O3
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Maintenance activities increased Virgo BNS range during O3b

VIR-0462A-20

2020/03/25

During O3 Advanced Virgo installed new
increased laser power and new wires
suspending the mirrors [8, 10]:
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https://tds.virgo-gw.eu/ql/?c=15587

ALERTS SYSTEM

During03 alerts to astronomers were public [6]:

Time since gravitational-wave signal

03a —orgmarvetecion

Set Preferred Event I
Automated Vetting |
Classification |

Rapid Sky Localization [

Preliminary
Alert Sent

Parameter Estimation [

: Initial Alert or
Human Vetting _ Retraction Sent

Classification |

Parameter Estimation _ Update

Classification | Alert Sent

\J

O3b _Original Detection]

Automated Vetting |
Classification |
Rapid Sky Localization [J]

1st Preliminary
Alert Sent

Cluster additional events . 2nd Preliminary
Re-annotate []] Alert Sent

Parameter Estimation [N

. Initial Alert or
Human Vettmg _ Retraction Sent

Classification |

Parameter Estimation |GGG | Update

Classification| Alert Sent

>

10 sécond 1 milnute 1 hlour 1 dlay 1 week

my 4 my = 3 by defiition <)
Contents:
* False Alarm Rate ; BBH
» Sky localization;

5Mo P

For bursts: W
* Central frequency;  sm.; &
e Du ration; /,B’NS NSBH )
* GW fluence; 1Mo 3Mo  5Mo m

For compact binary coalescences:

e Luminosity distance;

* Classification: BNS, mass gap, NS-BH, BBH,
Terrestrial;

* Properties: source classifier (prob. at least one
NS), remnant classifier (prob. the system ejected
a non-zero amount of NS matter);

For more information see also:
https://emfollow.docs.ligo.org/userguidefindex.html
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https://emfollow.docs.ligo.org/userguide/index.html

03 MOST RELEVANT GW EVENTS

* GW190412: BBH with asymmetric masses (q):
| m“ — E};?ﬁiﬁ ;?{“ Strong evidence of emission *
g 7\ == im0 beyond quadrupole 2
2 & approximation [18]; i
T 25 >
v 0.2 i 0.3 : U.-l; 0.5 0.6 -4

e=

« GW190521: BBH with final mass 150 Mq:

e Very short inspiral —

075|g=1|xer=0.0 | x,=0.7

estimated to be a high
eccentric merger [19, 20];

GW190425: consistent BNS, BH components cannot be ruled out: = GW190814: 23 M BH and 2. 6 Mg compact object:

— x <089

— x<on | Total mass: significantly
"""" pre e | larger than any observed
BNS system (~3.4 M) [14]
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e GW200105 and GW200115: first two NS-BH events detected: —

—— Event-based: 45*7; Gpe*wt

probably coming from the same NS-BH population [17] g

0.2

0.(

1 1
10 100
R (Gpeyr )

Does the system contain
the lightest BH or the
heaviest NS ever
discovered, or a strange
star? [15, 16]
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GWTC-2,
GWTC-2.1 and
GWIC-3

90 candidates found with

pastro source > 05

Looking forward to check the
remaining sources of GWs:

spinning NSs and stochastic
background

21/07/2022

Before LIGO-Virgo detections

° °®
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https://www.ligo.org/detections/O3bcatalog/files/gwmerger-poster-white-md.jpg

-'\Mw GraceDB  Public Alerts Latest Search Documentation Login

LIGO/Virgo O3 Public Alerts

Detection candidates: 56

v

SORT: EVENT ID (A-Z)

OPEN SOURCE AND

GCN
MassGap March 16,2020  Circulars
S200316bj
(>99%) 21:57:56 UTC Notices |
VOE
GCN

March 11,2020  Circulars
11:58:53 UTC Notices |

S5200311bg  BBH (>99%)

NSBH (83%),

VOE

GCN

March 8, 2020 Circulars

S$200308e Terrestrial

01:19:27 UTC Notices |

(17%)

21/07/2022

VOE

PUBLIC ALERTS

LIGO-Virgo data become public after an initial proprietary

period:
* Around a relevant event after article published;
* Chunks of 6 months after the end of the data taking (e.g. 03);
S Gravitational Wave Open Science Euo ¥/,
GR&/ Center W-
Eo) Data~ Software ~ Online Tools~ Learning Resources~ About GWOSC~ ODenSCience
1 per 446.44 The Gravitational Wave Open Science Center provides m
data from gravitational-wave observatories, along with
sl access to tutorials and software tools.
1 per
3.5448e+17
yedars
1 per 8.757
RETRACTED O3 Bulk Data Now Availabl
years u ata w Available
¥ (03a+03b+03GK) Advanced
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https://www.gw-openscience.org/

ADVANCED VIRGO+ BEFORE AND AFTER
- 04

Main updates for Advanced Virgo Plus [13]: PR, 25W. Range: 101/898 Mpc

 Signal recycling mirror: enhance middle/high frequency [ —— Dual rec., 125W, tuned SR. Range: 119/985 Mpc
sensitivity band (right figure); 2N == Dual rec., 125W, detuned SR. Range: 134/1020 Mpc

* Frequency dependent squeezing: light squeezed on output |
with different angles on a certain frequency band. Reduce
shot noise and radiation pressure;

Additional updates:

* New laser system: inject ~75 W in the interferometer,
reducing shot-noise;

* Newtonian Noise Cancellation: array of seismic sensors
around the main mirrors, expected to be relevant in low-
frequency band.

. 10 i i i i & 4 3 3 i i i i 3 i i i i 2 : £ t 2 8
These and other updates are almost ready for 04, which 10 10° 10° 10*
should start on March 2023, with the goal of 100 Mpc BNS Frequency (Hz)
range reached.
| . Advanced
21/07/2022 N. Sorrentino on behalf of the LVK collaborations 20

fVirgo



Towards the limit of second-generation detectors [13]:

» Large beam area inside arm cavities — smaller thermal noise effects;
» Larger test masses (40 =105 kg, 35 =55 cm diameter) — better free-falling condition;

» New suspensions and seismic insulation mechanisms — reduce thermal noise;

» New coatings with lower mechanical losses;

Aim to work for O5 (maybe 2026) at 200 Mpc BNS range.

Advanced
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10 times more sensitive than second-generation detectors;

Three detector with shared arms;

EI NSTEI N TELESCOPE Located underground — reduce seismic and Newtonian noise;

(ET) AN D 10 km long arms, in an equilateral triangle configuration: resolve GW

LOW'FREQU ENCY GW polarization and make self localization;

Xylophone configuration: three nested detectors, each composed of two
interferometers, one optimized for operation below 30Hz and one optimized for
operation at higher frequencies;

ET DESIGN . .
GW below 30 Hz: higher mass mergers, tidal effects on NSs, BHs close encounters.
8

EEEEEEEEB L B ey eT-OF SEEEE EEEEEEE SR a T

Einstein Telescope FR L 03 iy — ~11 k== =ET-D-HF |
leophone opﬂo" = = A Rl = = 4 = =4I — o | — ET_D sum-
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2 FE ESI33zimg I R SR SRt S

g C— I N T __J1_13J71nD1L [__C_CITrioiaq
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Details about ET project: http://www.et-gw.eu/index.php/etsensitivities
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http://www.et-gw.eu/index.php/etsensitivities

Photo wall from Racconti-dal BarAonda: R
https://www.asimmetrie.it/archivio
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1! BACKUP SLIDE

O3 DUTY CYCLE

Network Duty Cycle Advanced Virgo Duty
Cycle during O3

Em Science: 76.0 %

m Locking: 7.3 %

== Any other state: 6.8 %

B Commissioning: 4.6 %
Calibration: 2.8 %

mmm Maintenance: 2.6 %

H1-L1-V1: 47.4 %
H1-L1l: 14.8 %
H1-V1: 9.4 %
L1-V1: 11.8 %
H1l: 3.0 %

L1l: 3.0 %

V1: 7.4 %

None: 3.3 %

0O3a: 2019/04/01 -> 2019/10/01

Bm Science: 76.3 %

mmm Locking: 8.0 %

mm Any other state: 6.6 %

B Commissioning: 4.1 %

B Maintenance: 2.6 %
Calibration: 2.5 %

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

mmm Science: 75.6 %

mmm Any other state: 7.0 %

mmm Locking: 6.4 %

EEN Commissioning: 5.3 %
Calibration: 3.3 %

BN Maintenance: 2.6 %

A%vanced
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