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Multiple messengers to solve long standing questions
2015: birth of GW astrophysics

Gravitational

2017: birth of multimessenger

astronomy:
e BNS merger observed with GWs
and sGRB
e neutrino detected during a blazar
flare

To enable discoveries
and answer questions:
build powerful observatories

Neutrines



Outline

e From GW150914 to a full catalog of GW events: highlights
e How we can learn more with GWs

e The instruments for the future



GW150914

The first direct observation of a Gravitational Wave

The coalescence of a binary system of black holes,
1.3 billion years ago
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GWTC-3 : 3rd catalog of GW observations! 90 events
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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GW150914

A Binary Black-Hole merger

Masses

LIGO-Virgo-KAGRA Blac

Name : GW150914

messenger : Gravitational Waves

m_final : 63.1 (+3.4 -3) Solar Masses

m_1 : 35.6 (+4.7 -3.1) Solar Masses

m_2 : 30.6 (+3 -4.4) Solar Masses

chirp mass : 28.6 (+1.7 -1.5) Solar Masses
chi_eff : -0.01 (+0.12 -0.13)

redshift : 0.09 (+0.03 -0.03)

D_L : 440 (+150 -170) Mpc

catalog : GWTC-1-confident

GPS : 1126259462.4

SNR : 24.40

Reference : https://doi.org/10.7935/82H3-HH23

Graveya rd

EM Neutron Stars

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

confirms a key prediction
of Einstein's theory of
general relativity

demonstrates the
existence of stellar-mass
black holes more
massive than =25M_

establishes that binary
black holes can form in
nature

provides the first direct
evidence that black holes
merge within a Hubble
time.



GW1 7081 7 e Localisation capabilities of a GW

source (28 deg?)

A Binary Neutron Star merger . g@tgﬁjwézfvent viewed in both

First direct evidence that at least

Masses in the Stellar Graveyard a fraction of SGRB have BNS

system as progenitor
LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars ! EM Neutron Stars
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Led to largest astronomical
observation campaign
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Binary neutron star mergers
produce kilonova explosions that
Name : GW170817 generate heavy elements

messenger : Gravitational Waves

m_final : 2.8 Solar Masses C t .. EOS f NS
m_1: 1.46 (+0.12 -0.1) Solar Masses

m_2 : 1.27 (+0.09 -0.09) Solar Masses ons ralnlng 0

chirp mass : 1.186 (+0.001 -0.001) Solar Masses

hi_eff : 0 ( -0.01)
radahift : 0,01 (+00) Measurement of the GW
Citalong  GWTCY cfidere propagation speed
GPS :1187008882.4
SNR : 33.00

Reference : https://doi.org/10.7935/82H3-HH23 Test of GR

Solar viasses

Alternative measurement of H 0

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




SO0lar iviasses

GW200115_042309

First confirmed detection of NSBH merger

Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM | EM Neutron Stars

Name : GW200115 042309
messenger : Gravitational Waves

m_final : 7.2 (+1.8 -1.7) Solar Masses
m_total : 7.3 (+1.8 -1.6) Solar Masses

m_1 : 5.9 (+2 -2.5) Solar Masses

m_2 : 1.44 (+0.86 -0.29) Solar Masses

chirp mass : 2.43 (+0.05 -0.06) Solar Masses
chi_eff : -0.16 (+0.24 -0.42)

redshift : 0.06 (+0.03 -0.02)
D_L:0.29(+0.14-0.1) Gpc

catalog : GWTC-3-confident

GPS : 1263097407.7

SNR : 11.47

Reference : https://www.gw-openscience.org/GWTC-3

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Finally found the missing
type of binary! In fact
NSBH were predicted to
exist, but convincing
observational evidence
was missing

Consistent with any
plausible formation
channels

first direct measurements
of the NSBH merger rate
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GW190814
The most mass asymmetric GW event

Name : GW190814 ra Veya rd

messenger : Gravitational Waves

IRIE[ORUIGLRCIERT 1, final : 25.6 (+1.1 -0.9) Solar Masses f EM Neutron Stars

m_total : 25.8 (+1 -0.9) Solar Masses

m_1: 23.2 (+1.1 -1) Solar Masses

m_2 : 2.59 (+0.08 -0.09) Solar Masses

chirp mass : 6.09 (+0.06 -0.06) Solar Masses
chi_eff : 0 (+0.06 -0.06)

redshift : 0.05 (+0.009 -0.01)

D_L : 240 (+40 -50) Mpc

catalog : GWTC-2.1-confident

GPS : 1249852257

SNR : 20.43

Reference : https://www.gw-openscience.org/GWTC-2.1/

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Best localised source (22 deg2 )

Mass asymmetric GW event:
o Primary is a BH;
o secondary is in the lower
mass gap: massive NS or
very small BH?

Compact objects exist with
masses between 2-5 Msun

Strongest evidence for
higher-multipoles of
Gravitational radiation

Test of GR on strongly
asymmetric mass distribution

So good localization allows H_0
measurement only with GW
signal (+ galaxies catalogues):
best dark siren to date



SO0lar viasses

GW190426_190642

Most massive system detected with GWs

Name : GW190426 190642

]
A messenger : Gravitational Waves
a S S e S I n e g m_final : 175 (+39.4 -34.3) Solar Masses

m_total : 184.4 (+41.7 -36.6) Solar Masses e
m_1:106.9 (+41.6 -25.2) Solar Masses
R{eloRYige R CEl VN ETo s (Pl R CTORYIe [ ERVEN m 2 : 76.6 (+26.2 -33.6) Solar Masses

chirp mass : 77.1 (+19.4 -17.1) Solar Masses

chi_eff: 0.19 (+0.43-0.4)

redshift : 0.7 (+0.41 -0.3)

D_L:4.35(+3.35-2.15) Gpc

catalog : GWTC-2.1-confident

GPS : 1240340820.6

SNR : 9.57

Reference : https://www.gw-openscience.org/GWTC-2.1/ .
 J

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

The highest mass of
all binary mergers
reported by LVK

Both components fall
in the mass gap
predicted by isolated
evolution
(pair-instability
supernova theory)

Final body is IMBH
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Advanced Virgo sensitivity improvement during O3 and comparison with 02

Sensitivity curve

M2JIVIRGO
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The past observing runs

90

Cumulative Detections
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01 =3,02 =8, O3a = 44, O3b = 35, Total =90

O1| 02 O3a | FO3b
J
| —

LIGO-G2102395

Time (Days)

Credit: LIGO-Virgo-KAGRA Collaborations

Number of detectable events
is the product of the event
rate times the Time x Volume
of reachout

More advantageous strategy
is to increase the reachout (ie
the sensitivity) than keep
observing with a sensitivity
that can be improved



AdV sensitivity evolution from O3 to Virgo_nEXT

— — 03 (BNS 60 Mpc)
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From 2nd to 3rd generation GW detectors

Advanced LIGO and Advanced Virgo have already achieved awesome results, even
with a sensitivity below the nominal one.

This is only a first step toward our exploration of the Universe with GWs

Even pushed to their (infrastructural) limits, LIGO-Virgo-KAGRA can only explore
the local Universe.

To extend investigation to the cosmological scale and address more scientific
guestions, a major change is necessary:.

this is the target of 3rd generation GW detectors, such as the Einstein Telescope
and Cosmic Explorer



The optimal network configuration depends on the
scientific question to be addressed

More detectors DCC G1900660

CW Axions
Stochastic

Supernovae and other unmodeled transients

Continuous waves

S. Vitale, 2019

Better low-frequency Better bucket Better high-frequencys



[a—
|

S

(o8]

—
Q
N
S
—
=
<
=
w
S
@]
A
7]
<

Median source ‘ '
Best 10% of sources
‘Optimal source

10%
Frequency [Hz]




- Horizon
10% detected
50% detected

1 10
ET-0004A-20 Total source-frame mass [M]




Binary mergers

binary merger detections will likely
exceed 100,000 per year, enabling
detailed inferences about stellar
remnant populations.

Individual merger signals, especially
those in the local universe, will be
detected with greatly enhanced
signal-to-noise ratio, sometimes
exceeding 1000 in amplitude,
enabling precision observation of the
dynamics at play in these systems.

Distribution of mergers 100 _
as a function of redshift  Redshift

https://doi.org/10.3390/galaxies10040090 T

19



ET Science in a nutshell

ASTROPHYSICS

* Black hole properties
+ origin (stellar vs. primordial)
* evolution, demography

* Neutron star properties
* interior structure (QCD at ultra-high densities,
exotic states of matter)
« demography

* Multi-band and -messenger astronomy
+ joint GW/EM observations (GRB, kilonova,...)
« multiband GW detection (LISA)
* neutrinos

+ Detection of new astrophysical sources
» core collapse supemovae
+ isolated neutron stars
+ stochastic background of astrophysical origin

FUNDAMENTAL PHYSICS AND COSMOLOGY

+ The nature of compact objects
* near-horizon physics
+ tests of no-hair theorem
+ exotic compact objects

+ Tests of General Relativity
» post-Newtonian expansion
+ strong field regime

* Dark matter
» primordial BHs
« axion clouds, dark matter accreting on
compact objects

« Dark energy and modifications of gravity on
cosmological scales
« dark energy equation of state
+ modified GW propagation
+ Stochastic backgrounds of cosmological
origin
+ inflation, phase transitions, cosmic strings




Einstein Telescope ET s

A new infrastructure capable to host future upgrades for decades without limiting
the observation capabilities
ET is an observatory:

e 3 nested detectors in a
triangular arrangement.
e Each detector
consisting in two
interferometers:
o aroomT, HF one
o a cryogenic, LF one

2
[

This is the multi-band
configuration (also called
‘xylophone’)




ET: three detectors in a single triangular site

The Einstein Telescope design has three detectors hosted in a single
triangular site, providing a near-optimal configuration for a single-site observatory
in a cost-efficient and prominent infrastructure.

Advantages:

e each side of the triangle can be deployed twice to
build three V-shaped interferometers, 60 deg angle

e virtually complete sky coverage, with no blind spots
e equally sensitive to both polarizations of the GW
e redundancy and more uptime

e a null-stream in the sum of the responses of the
three detectors in a triangle
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——LIGO Broadband (Livingston, O3)
——\Virgo Broadband (03)
——ET design sensitivity

Improvement
ratio for ET
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Challenging
engineering

New
technology in
cryo-cooling

New
technology in
optics

New laser
technology

High precision
mechanics and
low noise
controls

High quality
opto-
electronics and
new controls

Punturo, Sept 2022

Parameter

New coatings
New laser wavelength
Seismic suspensions

Frequency dependent
squeezing

* High power laser

* New coatings

squeezing

Large test masses

* Thermal compensation
* Frequency dependent

.
ET Enabllng Arm length 10km 10km E I ‘HNSHTE'N
- Input power (after IMC) TELESCOPE
Technologies A pove
Temperature 290K 10-20K
é . Mirror material fused silica silicon
Th e mu I t I= Mirror diameter / thickness 62c¢m /30cm 45cm/ 57 cm
1 Mirror masses 200kg 211kg
interferometer bW o
approach asks for two  srphase aa) tuned (0.0)
SR transmittance 10 %o 20%
pa I’al |e| teCh no |Ogy Quantum noise suppression  freq. dep. squeez. freq. dep. squeez. tuolred)
. Filter cavities 1%300m 2%1.0km volved laser
devel Opme nts . Squeezing level 10dB (effective)  10dB (effective) technology
Beam shape TEMgo TEMyo
T-LF: Beam radius 120cm 9cm
Scatter loss per surface 37 ppm 37 ppm
Underground Seismic isolation SA, 8m tall mod SA, 17 m tall fed
) Seismic (for f > 1Hz) 5.10"m/f2  §5.100m/f? Evolve
Cryogen ICS Gravity gradient subtraction none factor of a few technology in
Silicon ( ) test masses optics
Large test masses
g * ET-HF:

Highly
innovative
adaptive optics

}

High quality
opto-
electronics and

new controis
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—— Signal including rotation
—— LIGO Livingston O2 ASD

—— Signal without rotation
—— ET ASD (1 arm)
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Existing/planned projects
Missing capabilities
Endorsed projects

Multi-Messenger Astronomy Must be Coordinated

Discovery uncertain

Impending gap in
monitoring capabilities
Opportunities needing
technology development

Pathways to Discovery in Astronomy and Astrophysics for the

2020s (2021) - DOI 10.17226/26141

HE: MeV-GeV, VHE: TeV-PeV, UHE: EeV-ZeV
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Thank you !



Approved by ESFRI for the 2021 Roadmap
* Tentative schedule

-Ommmmmmm-m
o . ESFRIsaws

CDR  ESFRI proposal
2011 2020

~ Enabling technologies development
Sites qualification = Y 0 Site decision

Cost evaluation W g
Building governance
Raising initial funds

ESFRI Phases: Design Preparatory Implementation Operation



Opening the low frequency region

1)How, when and where do the first massive black holes form, grow and

Two key questions: assemble, and what is the connection with galaxy formation?

(2)What is the nature of gravity near the horizons of black holes and on
cosmological scales?

Laser Interferometry used to detect
minute distance variations between
free flying Test Masses

Launch: 2037

Lifetime: 4 years, with possible 6-year
extension

e scan the entire sky by orbiting behind the
Earth, obtaining both polarisations of the GW

[3 S | [T ———
2.5 million km arms
50 million km behind Earth

e measure source parameters in the band 10~
Hz- 10! Hz




Characteristic strain

LISA science

The majority of individual LISA sources will be binary systems covering a wide
range of masses, mass ratios, and physical states

1078, v ,
\ Galatic back d . o . 0 .
o lMaB,jB'z e The Gravitational Universe objectives:
7 | 107 Mo P
107k } 3 2 Verification binaries . .
== — EMRI harmonics e Trace the formation, growth, and
- | = LGO-type Brbs merger history of massive black holes
10718:_ \ ©| — GW150914 |
' Gal Bl SHR=T) e Explore stellar populations and
0 105 Mo dynamics in galactic nuclei
3 \
N e Test GR with observations
N\
-20|_ .
L e Probe new physics and cosmology
[ Observatqry ) _ : :
102] SHETER AT D e Survey compact stellar-mass binaries
F| == = Total
, = — and study the structure of the Galaxy
107° 107 107 107 10°

Frequency (Hz)
LISA L3 proposal document (2017)



Advanced Virgo Phase |

Newtonian Noise cancellation v’

New IMC payload v/ 1 WE
+ \

Instrumented baffle v’ i
Auxiliary lasers v/

Air pressure
reduction in CITF

L] |w v
—— cp/
S [0 i b
U -. Ul

Laser Upgrade v/ PRM POP

HVAC noise reduction v/

SR mirror v’ y Iﬂlt- e;;:a'v{;y
o Frequency
+«—Dependent v

New OMC v B
Scattered light mitigation = == (" Mode Cleaner ;’
New photodiode electronics Photodiode (]

= Squeezed

A light source




ET meeting, Cascina, Nov 15, 2022

Larger beams on end test masses
- 6 cm radius = 10 cm radius

Larger end mirrors

- 35 cm diameter = 55 cm diameter
- 40 kg = 100 kg

Better mirror coatings
- Lower mechanical losses, less point

Input
Mode
Cleaner

Faraday

130w 1solator

defects, better uniformity e
i Filtering cavi
. . s -
New suspensions/seismic isolators for o
WeRbo pal « 1 s b SEe T R R eecetden A - ...'#
large mirrors - Lo
Mode Cleaner light source
@ Photodiode
Further increase of laser power
40W = 60W = 80 W
G Losurdo - INFN Pisa 3




mjy = m> by definition ﬁ







9 A CTe
o Fabry-Pero.t Arm cantles.

W Laser spatial mode filter
Intermediate frequency stabilization

Input mode cleaner:
Laser spatial mode filter
Intermediate frequency

stabilization

Laser

Laser:

100W - 1064nm
Power recycling cavity

Increases effective
power seen by arm

Dual-recycled EEgs
i it

- Output mode cleaner:
Fa b ry Pe rOt R;ch:s higher order 2 %

M |Chelson modes generated in the
IFO, enhancing contrast
Interferometers

Signal extraction cavity
~—(aka signal recycling cavity)
Resonantly enhance GW
sidebands. Can be tuned to
change the response of the
interferometer.



Timeline di sviluppo (da NSF) con anche altri segnali
Slide di BNS segnale nel tempo
Accenno a lisa

Segnali lisa -> terra



