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TWO GROUND-BREAKING DISCOVERIES
A NEW ERA IN THE OBSERVATION OF THE UNIVERSE
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LIGO/VIRGO DATA TAKING SO FAR

Sep.12 Jan.19 Nov.30 Aug.25
LIGO | o1 |
Virgo
2015 2016 2017 Aug.1 2018

* 01 ~49 days of coincident LIGO data

02 ~120 days of coincident LIGO data o LIGO — Virgo Sensitivities | O virgo
~16 days of coincidence with Virgo data a Ha_nford
10 GW alerts for EM follow-up Q Livingston

Averaged distances to which
Binary Neutron Star could be detected

VIRGO : 26 Mpc H

HANFORD : 55 Mpc
LIVINGSTON : 100 Mpc

i ' requency VA 1 000
(] observations 2015-17 vs 2010: 10 100 Frequency (17

averaged observable volume of Universe : ~100x gain for BBH like GW150914
~30x gain for BNS coalescence events 21
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I EINSTEIN'S THEORY

S. GHONGE, K. JANI | GEORGIA TECH

B. P. Abbott, et al., (LIGO Virgo Collaboration), “GWTC-1: A Gravitational-Wave Transient Catalog of
Compact Binary Mergers Observed by LIGO and Virgo during the First and Second Observing Runs”,

https://arxiv.org/abs/1811.12907



Parameter estimation

B. P. Abbott, et al., (LIGO Virgo Collaboration), https://arxiv.org/abs/1811.12907
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The Catalog

10 BBH + 1 BNS in the

«catalog». So far...

B. P. Abbott, et al., (LIGO Virgo Collaboration), https://arxiv.org/abs/1811.12907

Event m /Mo m/Me  M[Mo Xeff M; /Mo ar Eraa/(Moc?)  Cpear/(ergs™)  Dp/Mpc 4 AQ/deg?
GW150914 35.67%8 30.6739  28.671¢ —0.017012 63.1737 0.6970% 31704 3.6704x 10 4307130 0.09700 194
GWI151012 2327140 13,671 152729 0.04702% 357799 0.67°01 1573 32798 x 10 10607340 0.21700 1491
GWI151226 13.7°%%  7.7732 89703 0.1870% 20501 0747007 1.070) 34707 x10°°  440*1%0  0.097007 1075
GW170104 310772 20.1737  21.5720  —0.047007 49.4737 0.66700 22703 32707 10 960750 0.197)07 912
GWI170608 112733 7.517  7.9%3  0.047002 179734 0.69700: 08701 3.4797x 10 3207130 0.07700 524
GW170729 50.7%153 344757, 358753 0377020 80.3%43 0.81700] 49715 42708 %10 2760712 0.487)% 1069
GW170809 352783 238732 25071 0.07:007 56.4737 070700 27506 3.5705% 10 990730 0.207003 310
GW170814 30.7733 25.672% 24374 0077012 53.6732 0737097 28701 3.7703Ix 10 560700 0.127008 99
GW170817 L46%)12 12770 118670001 0.00700* <28 <089  >004  >0.1x10° 4070 0.0170% 22
GW170818 355775 2697 267721  —0.09701% 59.845 0.67°007 27703 34703 x 10 1020740 0.207007 35
GW170823 39.5%1%1 294763 29372 (0.087)1) 65.6703 0.71709% 3377 3.6705x 10 1860750 0.347013 1780

EPS Gravitation, Rome, Feb 20th, 2019
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Some records

o Furthest BBH is GW170729 at d, ~2.75 Gpc (z~0.5)
o Closest BBH is GW170608 at d; ~320 Mpc
o Closest event is GW170817 (BNS) at d, ~40 Mpc

0 Heaviest BH remnant is GW170729: M ~ 80 Mg
o Lightest BH remnant is GW170608: M ~ 18 M

o Best localized BBH is GW170818: AQ ~ 35 deg?
o Best localized event is GW170817 (BNS): AQ ~ 16 deg?

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa



Masses in the Stellar Graveyard

in Solar Masses
80 LIGO-Virgo Black Holes
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Main results in 2 years

First detection of GW First observations of BBH mergers

A new population of BH with higher masses

GW travel at the speed of light

First observation of a BNS merger

New test of Lorentz invariance

First measurement on NS tidal deformability

First test of GW polarization Link between GRB and neutron star mergers

Test of GR in strong field regime Kilonova powered by binary NS merger

Evidence of formation of heavy
Alternative measurement Of HO elements upon a BNS merger

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa



SOME CRUCIAL STEPS
WALKED SO FAR

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa



1989: there was a long-term

vision there...

SNS, March 4th, 2018 G Losurdo - INFN Pisa
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THE VIRG/:O PROJECT

/

URSA /'
MAJOR L4

1989

VIRGO must be considered both as an experiment and as a step
towards a future observatory. The immediate goal of the VIRGO
experiment is to realize, or to participate in, the first detection of
gravitational radiation, but it also has the long term goal of being one
component of the gravitational wave detectors network which will
involve other detectors in other countries, and provide data of
astrophysical interest. These goals imply a collaboration with the other
groups having similar projects, without excluding some competition.
The group leaders from lItaly, France, Germany, Scotland, and the USA
have agreed to exchange all information and to collaborate on all the
aspects of the construction of large interferometers in order to
generate the international effort required by the birth of gravitational
astronomy.

A BRILLET & A GIAZOTTO

EPS Gravitation, Rome, Feb 20th, 2019
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A
LASER INTERFEROMETER
GRAVITATIONAL-WAVE
OBSERVATORY
(LIGO)

VOLUME 1:
LIGO Science and Concepts

. LIGO ProJecT

EPS Gravitation, Rome, Feb 20th, 2019
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This set the framework
for substantial R&D
funding

IMPROVED RECYCLING N

G Losurdo - INFN Pisa 13



2007: LSC-Virgo MoU

2007: LSC-VIRGO MoU for a “SINGLE MACHINE"
A MAJOR STEP TOWARDS GW ASTRONOMY

Memorandum of Understanding
between

VIRGO

on one side

and the

Laser Interferometer Gravitational Wave Observatory (LIGO)

on the other side

Purpose of agreement:

The purpose of this Memorandum of Understanding (MOU) is to, establish and define a
collaborative relationship between VIRGQ om,the one hand and"the Laser Interferometer
Gravitational Wave Observatory (LIGO) on the otherhand in the wsSe of the VIRGO, LIGO and
GEO detectors based on laser interferometry taumeasure the distottions of the space between free
masses induced by passing gravitational waves.

NFN Pisa
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IMPROVING EVENT
SIGNIFICANCE AND
LOCALIZATION, SKY AND
TIME COVERAGE



™ OPERATION
M COMMISSIONING
B CONSTRUCTION
B APPROVED

EPS Gravitation, Rome, Feb 20th, 2019



B. P. Abbott, et al., (LIGO Virgo Collaboration), https://arxiv.org/abs/1811.12907

EPS Gravitation, Rome, Feb 20th, 2019

- GW170817
>
GW170814
GW170818
>

G Losurdo - INFN Pisa

Sky areas scale inversely with
SNR?

Inclusion of Virgo improves sky
localization: importance of a
global GW detector network for
accurately localizing GW sources

Extending further the network
will be valuablel!

16



The multi-messenger network

GW candidates = =——J» Skymap —P» Event =g EM follow-up

validation
o i
o

15/30
minutes minutes

BEFORE O3

gamma ray X-ray ultraviolet  visible infrared  microwave radio

93 groups (>200 instruments) el
have signed the MoU with the LVC =

EPS Gravitation, Rome, Feb 20th, 2019




Open Public Alerts

LIGO-Virgo will issue Open Public Alerts during the O3 run

Time since gravitational-wave signal

Set Preferred Event I
Automated Vetting |
Classification |

Rapid Localization l

Parameter Estimation _ Within 24 hrs: retraction or
: Initial Alert or updated localization, source
Human Vetting [ ] Rt raction Sent P :

Classification | classification

Parameter Estimation _ Update Significant updates

Classificationl Alert Sent

»
>

Preliminary In minutes: automatic preliminary
Alert Sent notice with rapid localization

10 second 1 minute 1 hour 1 day 1 week

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa 18



Open Data

O1 data are public since end of January 2018 (24 months after end of run)
O2 data will be public end of February 2019 (24 months after end of run)

YV

> Future bulk releases are planned to be (no later than) 18 months after the end of a 6-
month data acquisition period
e.g., if O3 starts in April 2019, the first planned bulk data release would be April 2021

O1 Run
GW150904

GW151226+LVT151012

02 Run

GW170104
GW170814 + GW170817

GW170608

03 Run ( 2 chunks)

Data Acquisition
1.5 year proprietary period (as specified in the LIGO Data Management Plan)
Open data

19



Gravitational Wave Open Science Center

Getting Started
Data
Catalogs

Bulk Data
Tutorials
Software
Detector Status
Timelines
My Sources
GPS « UTC
About the detectors
Projects

Acknowledge
GWOSC

LIGO Hanford Observatory, Washington LIGO Livingston Observatory, Louisiana
(Credits: C. Gray) (Credits: J. Giaime)

Virgo detector, Italy
(Credits: Virgo Collaboration)

The Gravitational Wave Open Science Center provides data from gravitational-wave observatories, along with access to tutorials and software tools.

Get started!

‘ Download data

Data

('jo\ GWTC-1: Catalog of Compact Binary Mergers
@ Join the email list

@ Attend an open data workshop

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa 20



SHORT/MID-TERM PLANS

EPS Gravitation, Rome, Feb 20th, 2019



THE CASE FOR BETTER DETECTORS

EVENTS oxd® T

1 day of data at a range of 80 Mpc (Advanced LIGO in O1)
is equivalent to 64 days at 20 Mpc (LIGO, 2009)

Observing for a long time is good,
improving the sensitivity further is better.

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa 22



1t GW detection

A
Early =s=Mid Late  =mDesign
60-80 60-100 120-170 190
Mpc Mp [ Mpc
LIGO | & s
65-115 125
Mpc Mpc
Virgo .
25-40 40-140 140
15t BNS Mpc  Mpc Mpc
KAGRA  Multi-messenger 4—0 -
| | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023

EPS Gravitation, Rome, Feb 20th, 2019

B. P. Abbott et al.,

~20% in 20 sq deg

HLV 2019

~60% in 10 sq deg

| HIKLV 2024

60°N_smsr

Prospects for Observing and Localizing Gravitational-Wave Transients

with Advanced LIGO, Advanced Virgo and KAGRA, 2016, Living Rev. Relativity 19

G Losurdo - INFN Pisa
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LIGO-VIRGO Joint Run Planning Committee

Working schedule for O3
(Public document G1801056-v4, based on G1800889-v7)

Sep Oct Nov Dec 'Jan 'Feb ' Mar ' Apr 'May ' Jun ' Jul ' Aug >
ER13: from 8am PT Dec 14 ER14: up to four weeks, starting at the earliest March 1st, 2019
L to 6 am PT Dec 18 03 to follow
I H1 Commissioning I ER13 Commissioning ER14 03: one calendar year long
0 L1 Commissioning ER13 Commissioning ER14 03: one calendar year long
VI R GO Commissioning ER13 Commissioning ER14 083: one calendar year long
GEO ~70% observing mode

Detector operational,commissioning mode - Detector not producing data

(small fraction of observing mode time) (downtime)
Detector in observing _
mode for a fraction of the time 24/7 observing mode
during Engineering Runs (ERs), (Observing Run,

EPS Gravitat possible GW alerts with human vetting Open Public Alerts in low-latency)




LIGO LIGO
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Hrec hoft

T I
—1233409812-52 Mpc (Squeezing OFF)
—1232540600-54Mpc (Squeezing ON)

1Y virgo

102

irgo with squeezing

h HZ-1/2

Monolithic suspensions installed

Squeezing (collaboration with AEI Hannover) .-
Improved stray light control, TCS T

Goal: 60 Mpc for BNS (55 Mpc achieved, 2x O2), 600 Mpc for BBH
(630 achieved)

o O O O

U ! —Lzols. February 5" - 55 Mpc
———2017, July 30" - 28 Mpc
— — ‘Target for O3 - 60 Mpc
107 ¢
C .
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KACRA KAGRA

o Currently operating a simple Michelson, partially cryogenic

o Plan to operate a dual-recycled FP, fully cryogenic and join O3 at a
later stage in this configuration

;

L |

W

3

!.-
=
| B

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa

lw\.

27



LIGO A+ ‘Mid-scale’ upgrade of the Advanced

LIGO interferometers

a Sensitivity improvement over aLIGO:

- 1.4/1.4 Mg BNS inspiral range by ~ 1.9 to 325 Mpc

- 30/30 Mg binary black hole inspiral range by ~1.6
to > 2.5 Gpc

o Employs frequency-dependent squeezing
& lower thermal noise mirror coatings

a Currently planning for a 1.5-2 year run
duration beginning mid 2024 or early 2025  BNS: 325 Mpc

' ' ; : “ BBH: 1607 M
o LIGO-India to come online in 2025 in the BBH"2563 Mpc pc
A+ configuration o -

Frequency (Hz)

Projections toward aLIGO+ (Comoving Ranges: NSNS 1.4/1.4 M, and BHBH 20/20 M)
T ;

A

Strain noise h [1// Hz]

108

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa 28



2) adv+

o Upgrade of fully exploit the existing infrastructure: detection rate up
to 10x wrt Advanced Virgo

o List of upgrades _
- Signal recycling (already foreseen in AdV)
- Frequency dependent squeezing [ Before O4
- Newtonian noise cancellation :
- Larger mirrors i After O4

- Improved coatings

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo




EPS Gravitation, Rome, Feb 20th, 2019

ESA/PLanck

LONG-TERM OUTLOOK

G Losurdo - INFN Pisa

30



From here to 3G - GWIC

o 2016: subcommittee to look at the 3G in a coordinated way

D Reitze, M Punturo co-chairs

o 2019: report of actions/recommendations to be delivered

Science drivers for 3G detectors

Coordination of the ground-based GW community
Networking

Funding agencies interfacing and advocacy
Investigate 3G detectors governance schemes
Computing

MAIN MESSAGE: The GW community is engaged
in a coherent planning exercise to develop 3G

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa
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EINSTEIN TELESCOPE

&
Einstein Telescope R 3
vaphone 0Pt|0l’l (ET-C) " > ¢.~ Number of ‘long' suspensions = 21
~ ' I Gm_LF (ITM, ETM, SRM, BS, PRM of LF-IFOs)
Each detector (red, green and blue) » ~ of which 12 are crogenic
consists of two Michelson inter- - # of \»
ferometers. The HF detectors need ” A Number of 'normal’ suspensions
" (PRM, BS, BD and FC) 45 for

one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

linerar filtercavities and 54 for

Beams per tunnel =7

1/
<,
N \.
N g:\
N # il E é » ‘ ’
Red-LF % I A A ht
In 8 n U 0N
> . UBlu-LF X Ty
TR
out B T | I

ET Design Study, 2011

EPS Gravitation, Rome, Feb 20th, 2019

triangular filter cavities

Strain sensitivity [1/VHz]

10-21

10~

10~

10~

10~

221

231

24 L

= AdV design:120 Mpc
— AdV+Phase-1:164 Mpc

25

= Adv+Phase-11:303 Mpc
— ET-D

:2.11 Gpc

100 107

G Losurdo - INFN Pisa
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COSMIC EXPLORER

o 3rd generation observatory in the US
o Above ground, L shaped, 40 km
o NSF funded design study under way (www.cosmicexplorer.org)

EPS Gravitation, Rome, Feb 20th, 2019 G Losurdo - INFN Pisa
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EXTREME MATTER

NS: WE ARE ABLE TO COMPUTE THE WAVEFORMS FOR THE VARIOUS EOS

iSRERERRaRSS T T T T T I T T I T RARRRREsamsss:

GNH3-q10-M1300 GNH3-q10-M1325 GNH3-q10-M1350 |

ARaazanaassi T T T T T T T T

[ GNH3-q10-M1250 GNH3-q10-M1275

H4-q10-M1325 H4-q10-M1350

H4-q10-M1250

ALF2-q10-M1325 ]

ALF2-q10-M1275 T ALF2-q10-M1300

ALF2-q10-M1225 T ALF2-q10-M1250

hy x 102 [50 Mpc]

| | | | | |
e
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| | | | | |
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ST T PP TN
HHHHHHHHHH
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| | } | | |
HHHHHHAHHH

SLy-ql0-M1275 7

ST T PN NI
R e e L L
SLy-q10-M1250

—4fF T €
| L Lt

e e e |
A +H HHHHHH

APR4-q10-M1300 APR4-q10-M1325 APR4-q10-M1350

[ | | | | I
HHHHHHH A

APR4-q10-M1375 ]

-
HHH

APR4-q10-M1275 |

Takami, Rezzolla, Baiotti (2014)
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EXTREME MATTER

A 3G DETECTOR IS NEEDED TO MEASURE WHICH EOS IS THE RIGHT ONE

10721 I
o
=y _22 i
. § 10
N
o] 1 0_23 E
c i
@«
_ AdvancedLIGO \
< o4 NS-NS
= 10 - merger
10)) AFTER
. : NSNS
Emstem Te’eSCOpe merger
1 0—25 I | | | \ I
10 50 100 500 1000 5000
EPS Gravitation,| Credit: J Read G fogHz)y - INFN Pisa




EXTREME GRAVITY

o Precision tests of alternative theories
- polarizations

— graviton mass Detector GW150914 SNR QNM SNR
- Lorentz invariance
. . 7
o Exotic compact objects O 2
o BH QNM (quantum graVIty?) Advanced LIGO 80 20
' ' ' ' LIGO-India
ALIGO+ (2024) 250 80
ET (2030) 800 200
Cosmic Explorer
+ — L1 observed V i = (2034) 2400 800

H1 observed (shifted, inverted) 37
T T | |




EXTREME UNIVERSE

E Hall, M Evans, paper in prep.

I | i

—

Horizon
10% detected]
50% detected]

10 |

1000s detections/yr
[Mills et al 1708.00806]

10! |

Redshift

== a . IGO
=== Voyager ~ CE

GW170729

o 10° 10! - 10° 10°
EPS Gravitation, Rome, F¢ Total S%llﬁ%édffdﬂfél ﬂfﬁSS [MO]
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Galileo, 1610

EPS Gravitation, Rome, Feb 20th, 2019

G Losurdo - INFN Pisa
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Galileo, 1610

Galileo, 1616

G Losurdo - INFN Pisa
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WE HAVE THE RIGHT INSTRUMENT.
NOW WE NEED TO MAKE IT BETTER AND BETTER AND BETTER...

Galileo, 1610

Galileo, 1616

HST, 400 yrs later

G Losurdo - INFN Pisa
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,.?,:.__,?European Astroparticle
< Physics Strategy

APPEC 2017-2026

EPS Gravitation, Rq

Expenses (M€)

- gravitational wav”ersw

3
-
©
£

o
©

y-ray telescopes

R —

dark matter

0
2017

underground laboratories

2018 2019 2020 2021 2022 2023 2024 2025 2026

Year

ET: the big
investment for

the next decade
(recommendation...)
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THE POSSIBLE ROLE OF CERN

o The GW community looks at CERN as a model to many extents
o We have a lot to learn from CERN:

- Model of governance
- Management of big projects
- Technology: underground infrastructure, vacuum, cryogenics

o A commitment of CERN on ET (in some form) might be a game
changer

About CERN Students & Educators Scientists CERN community

Experiments sics Computing Engineering Updates

’ About CERN s .' ' J ! ACCELERATORS

The Antiprotol

; What is the universe made of? How did it start? Physicists at
: CERN are seeking answers, using some of the world's most .
EPS Gravitation, Rome, Feb 20th, 2019 ; ‘ . powerful particle accelerators : The Supar Proton Synchrokron

Linear accelerator 2




