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GWD network + E.M. followers

Scientific runs
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The 01-02 Catalog

B. P. Abbott, et al. (LIGO Virgo Collaboration), PRX, 9, 031040 (2019)

Information on masses, spins, energy radiated, position, distance, inclination, polarization.
Population distribution may shed light on formation mechanisms

Event mi/Mg my/Mgy  M/Mg Xeff Mi/Mo  ay  Eng/(Moc?) Cpea/(ergs™) dp/Mpc Z AQ/deg’
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O2 run characteristics
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O2 data were recalibrated (post run) and cleaned (available ~march 2018)

+20% sensitivity in LHO (arXiv:1806:00532)

Final calibration benefited from post-run measurements and lines removal
LIGO calibration error: ~3% in amplitude; ~2 deg in phase
Virgo calibration error: ~5% in amplitude; ~2 deg in phase

Duty cycle:
LIGO detectors: ~60%
Virgo: ~80%
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https://arxiv.org/abs/1806.00532

The analysis method

e Search based on 3 detection pipelines: . f+°°df Sh*

 Two-matched-filter (modelled) searches

* GstLAL: 2-400M, templates in time, ranks
candidates using the logarithm of the likelihood-

Sn(f)

ratio, £, a measure of how likely it is to observe that |
candidate if a signal is present compared to if only “.. %
noise is present; in O2 worked on LHV TR

* PyCBC: 2-500M,, templates in frequency, uses the
SNR of the single detector, in O2 operated on LH

* One un-modelled (weakly modelled) search

 cWB: it searches for “generic” short signals (excess
of power), chirping in frequency; less sensitive but
signal independent o ot
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Event Selection Criteria

e Aim:

* Identify all events that are confidently astrophysical in x R
origin, and additionally provide a manageable set of
marginal triggers that may include some true signals,
but certainly also includes noise triggers

* Marginal events could contain experimental
artetacts (and for some of them we have
indications given by auxiliary channels)

* But they could contain real astrophysical events
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Parameter estimation

* Extrinsic parameters:

e Sky location:
e Right ascension a and declination o
* Luminosity distance d

e Orbital inclination 1
* Polarisation angle vy

* Time t.and phase ¢ at
coalescence

* Intrinsic parameters:

* In case of BBHs we have 8
parameters:
* 2 masses and 2 spin 3D vectors

* For BNS we should account also
the deformability

3G+LISA-2
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https://arxiv.org/abs/1308.3271
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* Component masses 5-70 My—> Stellar-mass black holes o0 || GWievkats | | | | | ] ]
* The heavier component of the heaviest BBH GW170729 (50.6155Mg) 04 .
grazes the lower boundary of the possible mass gap expected from o R
pulsational pair instability and pair instability supernovae at (~60 — 120M@)§ 30 - i : $ . % t]
) 20 A I ]
* The lowest-mass BBH systems, GW151226 and GW170608, have 90% ! i
credible lower bounds on m, of 5.6 and 5.9 M, respectively, - above the ot f
propose band gap 2-5 M. iy
* Only 2%-7% of the binary total mass is radiated in GW Iz
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How the BHs form a binary system?

Aligned spins Misaligned spins

A

Spin axis

—0.5 - . Isolated binar . . . .
’ L"SJ y > spins preferentially aligned with
VIR -t o {} the binary orbital angular
_1{:} 1 I || 1 1 || 1 1 I || 1 momentum
#\ - ¢ h ’ h ¢ [
NS U BN RN\ CRN L-\\“" PV R Cluster bina
4{"9%«{\9046;\}:\5;\6 «'{.‘p\ «‘:'p%«{'p%«{p%«‘f@}«{p%«{p\ . — ry I t 1 I 1 t t
L QO OO0 QOO0 . =>» |sotropic spin orientations

FSFFFFFFF&Es&a e .qﬂ.l
* Posteriors of y.rr peak around zero e Le 5
* The posteriors for GW151226 and GW170829 exclude x.rr = 0 at 90% confidence

* Degeneracy between g and x,rr makes impossible to measure single BH spin.
Currently we disfavour scenarios in which most black holes merge with large spins
aligned with the binary’s orbital angular momentum

3G+LISA-2 10



Localisation

02 GW events for which alerts were O1 events along with O2 events
sent to EM observers (GW170729, GW170818) not previously
released to EM observers

 Sky areas scale inversely with SNR?

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

* Virgo Detections
» GW170814 (BBH) with a 90% area of 87 deg? o
> GW170817 (BNS) with a 90% area of 16 deg? Vllﬁlgy
» GW170818 (BBH) with a 90% area of 39 deg? 7



OK, where is the (fundamental) physics?
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Some of the questions addressed by GW (AdV+, ET) \,,ggg)

Fundamental questions in Gravity:
* New/further tests of GR
* Exploration of possible alternative theories of Gravity

* How to disprove that Nature black holes are black holes in GR (e.g. non tensorial radiation, quasi normal modes inconsistency, absence of
horizon, echoes, tidal deformability, spin-induced multipoles)

HEPP Fundamental interactions, Dark matter, dark energy

« Fundamental questions in particle physics HEPP Inflation, additional interactions, dark matter

* Axions and ultralight particle through the evaluation of the consequences of new interactions, their impact on two bodies mechanics, in
population and characterisics of BHs, NSs

* Probing the EOS of neutron stars HEPP Nuclear physics, quark-gluon plasma

» Exotic objects and phenomena (cosmic strings, exotic compact objects: boson stars, strange stars/gravastars, ...)

* Cosmology and Cosmography with GWs HEPP Cosmology

e Accurate Modelling of GW waveforms

* GW models in alternative theory of gravitation HEPP Cosmology

* The population of compact objects discovered by GWs is the same measured by EM? Selection effects on BHs and NSs?
* What is the explosion mechanism in Supernovae? HEPP Nuclear physics

* What is the history of SuperMassive black holes?

« GW Stochastic Background? Probing the big bang? HEPP Cosmology, inflation @

 Multimessenger Astronomy in 3G?
8 Y HEPP Astroparticle, GRB, Neutrino Physics

3G+LISA-2 13



Some of the fundamental
guestions

* Is Einstein’s General Relativity THE theory (R4 Vil 1(s s ket
* Test of GR
* Polarisations
* Mass of the “graviton” TWIMP Taxzon

816 A7

. ? St
Do wg need .Dark Matter- G, =227, wp G, (T _I_TDM

* Wimps, Axions or black holes? c’ c*
TBH
* Do we need Dark Energy? G = 87G T 876 N
- . gY! _ uvo C‘4 uv G/W T Gﬂv o C4 “v- Alternative
* Alternative theories of Gravity theories of

Gravity

* Are Neutron Stars “strange”?
e EOS of NS 3G+LISA-2 14



GW150914 ... e BBH coalescences

3G+LISA-2
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Probing GR in strong field conditions

VIR
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Test of GR: PN approximation

* Going in strong field regime, allow to constrain eventual discrepancies
with respect to PN approximation of the GR

* BBH template

"-If(_f]l — Z]:Tfi:{. — @ — % + Z‘: :t.;'_-j 1 jf_-,J[_E:' In }P} f[_i‘—ﬁll,.-"?rl Wj —> (1 + 5p] )l//j

G=M
0L A T 4 4
Inspiral g E
N, i # ] o - J0737-3039 first double pulsar (2003) -
0.2 [ 1 .lu: I I 1022 ]
0.1 1 o0s} |7 1 st - ]
< 00 ] O.DI || B I K I 0*] 10' L 4 o
| 0.5} . —5t Py £ E
o —-1.0¢ . 2 T Z10tL < C l:l D ]
02 R S | | st 10° ]
03l 1ool : : : | ol F H O [ =
0PN 0.5PN 1PN 1.5PN 2PN 2 5PNW 3PN 3P -
Pi 1071 . .
B. P. Abbott et al. (LIGO Scientific and Virgo C CIT GW150914 |
Collaboration) 02, ¥ VWY 107373039 |
Phys. Rev. Lett. 118, 221101 — supplement material OPN 05PN IPN 15PN 2PN 25PN 3PN 35PN
PN order

3G+LISA-2



Alternative theories of Gravity: polarisations V.k@)

* GR predicts a tensorial nature of GW with two polarisations
» Alternative theories of gravity could predict extra polarisations of GW (up to 6)

el o
. » L LT
] ] 3
e ® * e R
[ ] L ] [ 3 P
: 4
X
. :
I‘ .‘
. K
‘0 O‘

. ? ¢ o o *® * o v
* . .:. (a) (b)
e | —
* Present and future GW detectors are setting stringent limits /\ /’ ‘\
« GW170814: \ / x & // :
* Thanks to the presence of Virgo has been possible the evaluate the Ry :
contribution of extra polarisations in the detected GW resulted disfavoured € . @ y

3G+LISA-2 (e) ) 18



probability

Is the Graviton massless?

* |f the graviton has mass>0 the GW propagates slowly and with dispersion

e=0, b=0, g=0, d=0,1

£=0,04

| (\W—
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08 | g
g
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02 L O
0.0

109 101() 101 1
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* Dispersion relation: E* = p*c’ +m§c4

« A, = h/(mgc)

* Thanks to GW170104, measured at about 3
billions of light years it is possible to set an upper
limit:

A, > 1.6x10" km= m, < 7.7x10 eV /c?

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 {2016) and 2017 update

1(JPCYy = 01(1— )

v (photon)
+ MASS

Results prior to 2008 are critiqued in GOLDHABER 10. All experimental
results published prior to 2005 are summarized in detail by TU 05.

The following conversions are useful: 1 eV = 1.783 = 10— 33 g = 1957 =
10=6 m_; X~ = (1.973 x 1077 m)x (1 eV/m_).

VALUE (V) CL% OOCUMENT 1D TECN COMMENT

=l x lﬂ_m 1 ryuTtov o7 MHD of solar wind

3G+LISA-2
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Multimessenger Astronomy and Fundamental Physics

* The beginning of the multimessenger astronomy, marked by GW170817
allowed several fundamental physics tests Ve =
-15 w -16
* Constrain the difference of speed between y and GW: —3x107" < N =< 7x10

e Test the equivalence principle and discard families (tensor-scalar) of alternative theories
of gravity
* Shapiro effect predicts that the propagation time of massless particles in curved spacetime, i.e.,
through gravitational fields, is slightly increased with respect to the flat spacetime case:

- L+ [*

Otg = ———— / U(x(1))dl,
r, observation point ¢ re
r. emission point -
U(r) gravitational 19 %1076 < voaw — YEM < 2.6 X 10~7 _

potential

* The y factor parametrises the coupling of the
density energy with the curvature; in the Einstein

General Relativity yeuw = vy = 1



Dark Energy and Dark Matter after GW170817 VIRﬁG

GW170817 had consequences for our understanding of Dark Energy and Dark Matter

GWs: many models of modified gravity ruled out!
Viable after GW170817 (c,=c) Not Viable after GW170817 (c,%c)
% General Relativity Quartic/quintic Galileon
)
©
g Quintessence/K-essence “Fab-Four” Nicola Bartolo, private communication
- K-mouflage
v Brans-Dicke/f(R)
-+ DHOST with A,;=0=B,=G.
©
§ v Derivative Conformal
g Also, e.g., Also strongly affected:
- Massive gravity - Vector Dark Energy
- Einstein Aether theories
- Some sectors of Horava gravity
- TeVeS
See, e.g., Ezquiaga & Zumalacarregui’17; - MOND-like theories
Baker et al. 17; Creminelli & Vernizzi ‘17 - Generalized PROCA theories
21
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What is the nature of the Dark Matter?

TW]MP T

’Sf/\

G,, = 876G (T, +TD§)
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TBH
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LIGO-Virgo Masses in the Stellar Graveyard

in Solar Masses

detectigns q

New
family
of BH?

t i
10 — j D §
femtoflensing
- < ABHora
,-qE R $_ Hypermas
% § T . sive NS in
_ -
& Nb;'.'capture ¢ 12l o '. 4 ". .| ® il 3 . the mass
..t . .-" & '.'gil‘- -.""."" e '® o gap?
LIGO-Virgo Neutron Stars .
1075 1078 1077
, , Updated 2018-12-01
Mppu/Mo -Virgo | Frank Elavsky | Northwestern
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Axions and GW

e Axions or, in general, light scalar fields are a possible extension of the Particle

standard model and they could be a component of the dark matter or dark energy
e Axions could provide an inflation mechanism

e What GW could tell about Axions?

BNS coalescence

repulsive attractive

L1G
VIRG

i

. a8
BH superradiance L L

force force .
: scalar < Logio[A/m]
g: radiation 13 11 9 7 5 3
'9,: > — .
S &
s [ | &
%: NS-NS Inspiral
@ i
F 3 g: _14
strain Q, = BH-NS Inspiral
o Junwu Huang e E
[ |
. arXiv:1807.021 2 _,ql
time S A
Pulsar \
-18} &
. . . . = / L, My .
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Measure of H,

* GW by coalescence of compact bodies are standard eandles sirens

* GW170817 has been the first taste of the potential of the multimessenger
astronomy in cosmology:
* Measure of the Hubble constant with an independent method H, = 70.0*}%°kms~! Mpc™

% ”‘""III“‘\I\{IU\"‘II\I“I\I\I\\ll‘lﬂu\ﬂ“N“m /
From GW: redshifted mass and I H, @ — @
luminosity distance , s , 2
U(f) ox 2mfte — @~ 4 (ML) L+ ] Hy = 701%9 km s~ *Mpc
¢ ¢ 4 128 0 —-8.0 p
M5/6
~ . -0.4
h_|_ (f) X AO £ []. + 0052 L] f_Tfﬁ e"’m(f) ST
DL C 0.04 - 054 ) SHOES | 159
Inclination angle introduces degeneracy, which ¢ oo ] o
will be removed by measuring the 2 polarizations § 2 o7 =
§ " A 7 1140
<} -0.8- A 7
LIGO+Virgo et al., Nature 551, 85 (2017) T ol 150
-0.9 // /// oo
3G+LISA-2 T % 0 @ % 1o 1o 1o 1 o o s T = 0 o 0 0 2 25

Hg (km s~ Mpc™) Hq (km s~ Mpc™)



New Measure of H,

New measurement of Hy using the 01+02 detections and galaxy catalogs

-

Joint BBH+GW170817 Counterpart
Joint BBH
GW170817 Counterpart

0.05 1 i
- = = = Prior (Uniform)

G - Planck
.4 t ——— SHOES
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7))

i

£

.

p—

o

p

=B

0.00 . 5 T : T T
20 40 60 80 100 120

Hy (km s~ Mpc™)

3G+LISA-2
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arxiv:1308.06060

Hy = 68]* km s~ Mpc~!
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Neutron Star is a nuclear physics lab

* Neutron stars are an extreme laboratory for nuclear physics
* The external crust is a Coulomb Crystal of progressively more neutron-reach nuclei
* The core is a Fermi liquid of uniform neutron-rich matter (“Exotic phases”? Quark-Gluon plasma?)

~12 1‘ Early universe
= Quark-gluon plasma
~11.5 |
5000 4. Heavy ion Q"’Q,.
. collisions 4'3-
L guark-hadron transition
>
z ~ P??
b
c 400t 6:90,
-~ 0 7o
= % Dense quark
S 2 300 ¥
o by T matter
6{3 5 Nuclear
Quark-hadron Q,;, E 2004 experiments Neutron star mergers
transition / _ g—
3 g 100} Color super-
= . conductor
L,— B, WNeuonstars >
1012 1013 ]_lei 1D15 1D20
Density (g/cm?3)

28
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GW170817: Nuclear Physics “experiment” V.k@)

* The collision of two NS in GW170817 has been a complex nuclear physics
experiment, where it has been possible

* The accurate measure the mass and radius of the NS through the tidal deformation of
the star - Constrain the EOS

* To observe the production of heavy elements through r-processes

M2JINIRGD
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a; < 0.89

Constraining the NS EOS
* Measuring the tidal deformation
through the dephasing in the GW =
signal is possible to constrain the ==
EOS of the NS
* Adding the em information helps ;
to impose more stringent
constrain
* Knowing the EOS it is possible to
describe the status of the matter in
the over-critical pressure condition _,,.|
in the NS = goons
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M. Agathos et al, Phys. Rev. D 92, 023012 (2015)
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Open Public Alerts

LIGO-Virgo will issue Open Public Alerts during the 03 run
Time since gravitational-wave signal

Set Preferred Event I
Automated Vetting |
Classification |

Rapid Localization l

Parameter Estimation [
Human Vetting [ ]

Classification |

Parameter Estimation _ Update Significant updates

Classificationl Alert Sent

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

Within 24 hrs: retraction or

:;li:ial i\_lertsor . updated localization, source
R—'On Sen classification

»

10 second 1 minute 1 hour 1 day 1 week

3G+LISA-2 32



Open Public Alerts

* Localization: 3D map for follow-up

* Classification: Five numbers, summing to unity, giving probability that
the source belongs to five categories
* This assumes that terrestrial and astrophysical events accur as indenendent

Poisson ¢

arXiv:1903.06881

Terrestrial
NSBH
MassGap
BNS

<1%
0%
0%
0%

3G+LISA-2

ms &

SMG'

BM@‘

&
L
+BNS
'

mi = m-; by definition
fﬁ

'f
BEH

MassGap

NSBH

1Mg

3 Mg

S Mg
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https://arxiv.org/abs/1903.06881

Binary neutron star inspiral range

Angle-averaged range [Mpc]

Network duty factor

[1238166018-1259193618]
Triple interferometer [44.1%] 0 2.5 5 75 0 125 15 175 2 25 25
Double interferometer [37.7%] Time [weeks] from 2019-04-01 15:00:00 UTC (1238166018.0)

Single interferometer [15.1%)]
No interferometer [3.2%)]
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Plans for LIGO-KAGRA-Virgo runs

e O1 02 mm O3 mm O4 wmm O5 Binary Neutron Stars Events
80 100 110-130 160-190 Target | | , |

LIGO Mic Ve iM]C W g _ 3| |= — running at O2 sensitivity 825X]
6 10 - |— — running at O3 sensitivity :
30 50 90-120 150-260 - L |— — running at aLIGO O4 sensitivity no A+ upgrade ]
| Mpc Mpc Mpc Mpc > ~ A+ upgrade 230X :
Virgo B - _ aheuis

c _
8-25 25-130 130+ S 820 — =
107 ¢ 04 —— ]
Mpc Mpc Mpc = - 18 pam 4T, 120X
KAG RA I . . ;’ [ — 7 A+ upgrade o
Target E -—-"""H#f—‘ 45X

. 330 Mpc
LIGO-India L ]
g 10 F :
20I15 2(;16 20I17 20I18 20I19 2(;}20 2(;21 20I22 2{;23 2{;24 2(;25 20I26 % 02
— upgrade
Luminosity £ I—) > / N_ o = <R>VT
HEPP physicists? — 10° : : ' '
Branching ratio R 2016 2018 2020 2022 2024 2026
- . Calendar year
_ * <R> average astrophysical rate
LIG « V  volume of the universe probed = (Range)?
VIRG e T coincident observing time
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2029 outlook

* In 2029 we will have a really heterogeneous 2.xG network

* The concepts of “obsolescence” and “limit of the infrastructure”, that are driving the
quest for new research infrastructures (rather more than a new detector) apply
differently to the different continents

LIGO H1 l;
America
LIGO L1 !
GEO600 & A
Europe . |
Virgo Q JAN
KAGRA Q
Asia
LIGO India Q

3G+LISA-2 38



OK, all done?

* alLlGO and AdV achieved awesome results with a
reduced sensitivity

* When they will reach or over-perform their nominal
sensitivity can we exploit all the potential of GW
observations?

« 2" generation GW detectors will explore local
Universe, initiating the precision GW astronomy, but
to have cosmological investigations a factor of 10
improvement in terms detection distance is needed

Redshift

B L] T L] L] rrrr : L] T L] T LLELILI I T L] L] L] LI II L] L] T L] LB} II_
100 : = HoOr1zoOn .
i 10% detected 1

50% detected
Primordial BH? ]

10 | ' 3 1
: BBHs from POP3 stars merger? ]

Peak BBH merger rate rate from globular cluster

:/' /‘“‘“""\\\

100 =

r cw1gd729 \
B ¥ Gw170823
- Gwaf0809 °
I GW151012 —af o\ GW170818
ﬁmosm CW170104
101 L °

- - T GW51226 - @ - - - @ -
’ GW150914
= aL.IGO
N GW170608 — ET
GW170817 CE
102 ¢
100 101 102 103 104

Total source-frame mass [M]

GWTC-1: A gravitational-wave transient catalog of compact binary mergers observed by LIGO and Virgo during the first and second observing runs - arXiv:1811.12907 [astro-ph.HE]

3G+LISA-2 39



Detection distance of GWD
]

Years Atfter the Big Bang—|—iI

400 thousand 0.1 billion 1 billion 4 billion 8 bil|on ~14 billion

Objects Form ~ ;- RN TYL

| i v, - 4 | s w T 0 l

. 1 The Dark NG RS : . \ '] T
A AT ™ . ” .

i g Ages 5 'l' . - » ‘if* - ' f a.'

§ s e R - . ' " o %

' % FII’St . s /‘:\\'/ I i Vo~ ’ I & \ent
B Astronbmieal '+ - » "D
e -

£ O

E S

‘ ! ‘ t ;,‘\_i‘__'?‘ \,. | . ’ _‘ -
| L I i A |
1000 100 10 I_\

1 + Redshift (z) I !

Z~2 (2G GWD) |

3G Target |

7=0,45 (GW170729)
3G+LISA-2
Image credit: NAOJ/ALMA http://alma.mtk.nao.ac.jp/



g — .,#I
-"_h—--:_-__ —— _.:_'.'

“ o

stein Telescope

e

ne |n

10 km

3G+LISA-2 41




The 3G/ET key points

* ET is THE 3G new GW observatory
* 3G: Factor 10 better than advanced (2G) detectors

* New:

* We need a new infrastructures because

e Current infrastructures will limit the sensitivity of future upgrades
* In 2030 current infrastructures will be obsolete

* Observatory:

* Wide frequency, with special attention to low frequency (few HZ)
* See later

» Capable to work alone (characteristic to be evaluated in the international scenario)
* (poor) Localization capability
* Polarisations (triangle)
* High duty cycle: redundancy
* 50-years lifetime of the infrastructure
* Compliant with the upgrades of the hosted detectors 3G+LISA-2 42




Science targets of ET

* ET will extend the science potential of 2G/2G+ and will introduce new
science targets

* Few examples are hereafter described



Extreme gravity

. IrII'GR, r)wo-hair theorem predicts that BHs are described only by their mass and spin (and
charge

* However, when a BH is perturbed, it reacts (in GR) in a very specific manner, relaxing to its stationary
configuration by oscillating in a superpositions of quasi-normal modes, which are damped by the emission

of GWs.
* A BH, a pure space-time configuration, reacts like an elastic body - Testing the “elasticity” of the space-
time fabric
* Exotic compact bodies could have a different QN emission and have echoes 350 Msun binary @ 100 Mpc
100 , , | : | : | | | London et al. 201l4 _'E}[;;]ig(;()
R.Brito et al, 2017 - arXiv:1701.06318 __ oy |1 ’ ;?g
9| HLV — T |] ?3;(2.2,0)
S T — JIul, 330
[ o ~ 7 ‘ l\i .Sul'(n}(‘\\‘
ET will resolve QN — o}

emission by BH =

60 |

J=J/M?2 dimensionless spin

50 L -
00 01 02 03 04 05 06 07 08 0.9

3G+LISA-2 ;
GW150914 like J




. EINSTEIN
Seeds and Supermassive Black Holes E'T s s

e Supermassive Black Holes (SMBHs) are present at the center of many galaxies:
* What is their history? How they formed? What are the seeds? N G

e Horizon =
""" 10% detected
50% detected

) 10t |
Big bang . Death of massive o 4
* 200 Myr . Direct collapse . stars B
o ® @ L
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| Most halos are seeded but Total source-frame mass [Ms]
i seeds are ~100 solar masses
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] wave radiation. 8 —+— (@]
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l 3 Gyr 2 via accretion and T §©) % Universe
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L
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Seeds and Supermassive Black Holes

e LISA will detect the coalescences of SMBHSs, but what about the seeds?
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Characteristic Strain

Multiband detection ET+LISA
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Ground-based
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Primordial BHs in ET

* ET will detect BH well beyond the SFR peak z~2

* comparing the redshift dependence of the BH-BH merger rate with the cosmic star formation rate it will
be possible to disentangle the contribution of BHs of stellar origin from that of possible BHs of primordial
origin (whose merger rate is not expected to be correlated with the star formation density)

» The huge number of detections in ET will allow 100 F =" e 205 L poizon
to perform cross-correlations between the [ /\ 28‘;@ getecteg:
detected GW events and large-scale ' R

structures, providing another clue to the origin ] Primordial BH?
of the observed BHs.

* Primordial BHs of mass around a solar mass
could have formed at the QCD quark-hadron
transition via gravitational collapse of large
curvature fluctuations generated during the
last stages of inflation.

* This could explain not only the present
abundance of dark matter but also the baryon
asymmetry of the universe.

BBHs from POP3 stars merger? r

Redshift

m— aLIGO/AdV
e BT
CE

C ] e gl ] e aaaaal ] ey aaaal ]
| 10 100 1000
Total source-frame mass [ M ]



ET
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Quasi-circula\
inspiral and merger

Ringdown

ET meeting 27-28 March 2017

10721 RSN Black hole
r Post-Newtonian Numerical perturbation

techniques relativity methods

_ ooy GO
_ tiy I\

1072} ¥ poiny; \(\\x\'é\\\’ )
] . Darﬁc o :

1072

Sp(f) and 2(f A )"

10724}

NS-NS EOS HB
liclgy SIS 1

AdvancedLIGO
NS-NS
merger

NSNS
merger

Einstein Telescope

10—25 |
10

500 1000
f(Hz2)

50 100
Credit: J Read

S“)F‘%””""'“"v-v,.h

Structure of a
Neutron Star

Takami, LR, Baiotti (2014, 2015), LR+ (201¢€

T T T T T g T T T T T T G T T T

M =1.325M.

\\\\\
\\\\\\\\\\\\\\\\\\\\

\\\\\\
\\\\\\\\\\\\\\\

M =1.300M,

\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

M =1.250M,

LISA-2
3G+LIS 49



Constraining the EOS of the NS

m (M)

LIGO/Virgo GW170817 3G-ET
1 i e Credit:Ben Lackey EOS with 3G
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* ET will reveal 10°-10° BBH/BNS coalescences per year

Cosmology with ET

* A fraction (about 103/year?) of the BNS will have a electromagnetic
counterpart (thanks also to new telescopes like THESEUS, E-ELT, ...
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GW Stochastic Background and inflation

* Inflation, reheating, preheating models could be distinguishible in the GW stochastich
background in case of some blue-shift mechanism

* information on: new additional degrees of freedom, interactions and/or new symmetry patterns
underlying high energy physics of early universe

10 I

" aLIGd 01

Indirect Limits

‘ Adv. Det.

Cosmic i
Strings

1020 10718 1018 1012 10® 10 107 10° 10° 108 10°
Frequency (Hz)

Axion inflation

Abbot, B.P. et al, Phys Rev Lett 118 (12), 2017, 121101
ot etdl, FhysRevie (12), ’ (see for example V. Domcke arXiv:1704.03464)
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Low frequency: Multi-messenger astronomy

* |f we are able cumulate enough SNR before the merging phase, we can trigger e.m.

observations before the emission of photons

* Keyword: low frequency sensitivity:
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Multi-messenger Neutrino/EM/GW CCSN observation

* 3G observatories like ET play a relevant role on multi-messenger observation of

Core Collapse SuperNovae (CCSN):

Extremely nearby event @ O(1 kpc)
(see Section 4)

Galactic event @ O(10 kpe)
(see Section 3)

Extragalactic event @ O(1 Mpc)

(see Section 5)

signals detector horizon detector detector horizon
neutrino  pre-SN 7 KamLand < 1 kpe — —
HK (20XX-) < 3 kpe
e burst SK Galaxy* SK HK < a few Mpc
Te burst JUNO (201X-) Galaxy JUNO —
Ve burst DUNE (20XX-) Galaxy DUNE —
GW Waveform?t H-L-V-K* < several kpc
Detection H-L-V-K ET (20XX-) < 100 kpe
EM Optical < 1 m class 1-8 m class** < 1 m class Y = T
NIR < 1 m class < 1 m class < 1 m class =T~ ENDHF+LF
10-20 4 === CE narrowband
*Detectable throughout the Galaxy. AN if%ii?ﬁnzo 170 100kpe
** ~ 25% of SNe are too faint to be detected. (Section 3.4, see also Figure 9) | = w154 htot Mueller 2012 @ 100kpe
tWaveform means detection with sufficient signal-to-noise to unravel the GW waveform. £ 107 1 —— TMI Kuroda 2016'@ 100kpc
tA network of al.IGO Hanford and Livingston, adVirgo, and KAGRA (Section 2.4). =
% 10—22 .
Ko Nakamura et al, arXiv:1602.03028v3 (2016) <
g' 10-23 4
951
<<
10-24 4
—25
Future GW astronomy e

Frequency [Hz]



LISA science targets

* The science targets of LISA are both complementary (different GW sources)
and synergic (same GW sources) with the science targets of terrestrial GW
detectors

* The timetable of LISA partially overlaps with the ET plan, allowing multi-band
detections of the same sources (ET mission expected to be launched in 2034)

Black Holes in the Gravitational Universe

* 8 Science Objectives:

201
18

e SO1: Study the formation and evolution of 16
compact binary stars in the Milky Way Galaxy. )
e SO2: Trace the origin, growth and merger

N10
history of massive black holes across cosmic — ]
ages

12

Nk O @

3G+LISA-2 100 102 10° 10° 10° 10° 107 108 10° 56
Mg(Mg)



SO3: Probe the dynamics of dense nuclear clusters
using EMRIs (Extreme Mass Ratio Inspirals)

130 days before merger, 34% of light speed

M;~10° — 10°Mg
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Science Objectives

* SO4: Understand the astrophysics of stellar

origin black holes

e SO5: Explore the fundamental nature of gravity
and black holes

* SO6: Probe the rate of expansion of the Universe

* SO7: Understand stochastic GW backgrounds
and their implications for the early Universe and
TeV-scale particle physics

e SO8: Search for GW bursts and unforeseen
sources



Building ET
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Wideband or Narrow band?

* The design of the ET observatory is driven by the physics objectives
* At what frequency are they?

More detectors
The unexpg:t_ed_.

| 3 / Axio : h |
. warning Stochastic Sky localization BNS = Eve ryW e re *
localization i Nz -

Tests of General relativity
 Z

IMBH Source-frame .
or masses Distance/ Inclination/
i Cosmology | EM modeling NS post-merger . We need a
BBH ' :
Supernovae and other unmodeled transients . 1
QR v o ot unmockd el wide band
~ Continuous waves .
Memory — observatory
Precessing BH spins Aligned BH spins .
- (with special
Eccentricit ti i - .
i _ Ringdown attention to low
frequency)

Better low-frequency Better bucket Better high-frequency

5/28/19 SWVitale & S.Hild Credit: Salvo Vitale

3G+LISA-2 61



From 2G to 3G

* To achieve the expected targets of physics, ET must gain about an order of
magnitude of frequency wrt the 2G detectors

* This is obtaining mixing
up 3 ingredients:
* Infrastructure
* Detector design
e Technology

h(f) [1/sqrt(Hz)]
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The ET underground infrastructure ET s

* GW detectors sensitivity scales linearly with the length of the arms:
* From 3km of AdV to 10km of ET

* To reduce the impact of the environmental disturbances (seismic, acustic,
electromagnetic) the ET infrastructure is located underground

——Seismic: Black Forest
" — Newtonian Gravity: 20x subtraction
|- - Residual Gas: 0.3 nTorr of H,

—ET single, 120K

| ET-D

- aLIGO design

| == ET Facility Limit

1==3MW speedmeter, 40m FC, 30ppm los
I R

|L'r,1mK

72 .
ET‘EINSTEIN R S — e |
TELESCOPE 100 10! 102

ET pictorial representation
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EINSE_I%_IN
Detector Design ET e
* The second ingredient to gain sensitivity and science potential in ET wrt 2G

detectors is the detector design: « ET is an Observatory

* The Observatory is composed by 3 detectors

Det. R * Each detector is composed by two interferometers

—
~

Det. G

3G+LISA-2 65



STAND-ALONE OBSERVATORY

] Sta rt With a Single Einstein Telescope

Xylophone option (ET-C)

(Xyl O p h one ) Each detector (red, green and blue)

consists of two Michelson inter-
ferometers. The HF detectors need
d ete Cto r one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.
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STAND-ALONE OBSERVATORY

] Sta rt With a Single Einstein Telescope

Xylophone option (ET-C)

(Xyl O p h one ) Each detector (red, green and blue)

consists of two Michelson inter-
ferometers. The HF detectors need
d ete Cto r one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

* Add a second one
to fully resolve
polarizations

In O
Antenna pattern for a polarized GW: Outﬁ—_z—_—- —==z=z====

simple “L” (left) vs Triangle (right)
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STAND-ALONE OBSERVATORY

~»>

 Start with a single
(xylophone)
detector

e Add a 2" one to

fully resolve
polarization

* Add a 3" one for
null stream and
redundancy

Einstein Telescope
Xylophone option (ET-C) ”

I/,,
Each detector (red, green and blue) “ y
consists of two Michelson inter- ”
ferometers. The HF detectors need
one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

Number of 'long' suspensions = 21
- (ITM, ETM, SRM, BS, PRM of LF-IFOs)
Grn-LF of which 12 are crogenic.

Number of 'normal’ suspensions
(PRM, BS, BD and FC) = 45 for
linerar filtercavities and 54 for
triangular filter cavities

Beams per tunnel =7

In
- - %
-_-_-_-_-___-_-_-_-_-_-_-_-_-_-_-_-|.-|.-|.-|--|.-|.-|.-|.-|.-..-..-.-._-|_-|_—_-—[| (o]
Out mmmmmm——EmCEEEEEETAAAAAAEAEEmEmAEEEEE - -—-—- |:| <

3G+LISA-2

68



Sl Enabling Technologies ET ey
engineering

New * The Xylophone approach needs two
REDRIREY I parallel technology developments:

cryo-cooling

New laser
technology

New
technology in
optics

LF: * ET-HF: New

technology in

New laser Underground * High power laser _
technology Cryogenics  Large test masses SRR
Silicon ( ) test masses * New coatings }
High precision Large test masses * Thermal compensation
mechanics New coatings * Frequency dependent
New laser wavelength squeezing

High quality High quality

opto-

opto- Seismic suspensions

electronics and Frequency dependent

) electronics and
new controls squeezing

new controls
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Materials for cryogenic test masses

Sapphire Silicon
e Used in KAGRA * Target material for ET, CE2 and Voyager
° Pro: * Pro:
. * |tis possible to find large samples in silicon
No ”e?‘?' to change laser wave!ength (almost true, large if produced by through
* Capability to realise a cryogenic Czochralski grown method, ~45cm diam if
monolithic payload demonstrated in produced through Full Zone method)
KAGRA (Sapphire suspension fibres,  Low optical absorption (few ppm) for full
silicate bonding) zone or Magnetic Czochralski method
produced test masses
* Cons: « Thermal expansion coefficient almost null
* Large diameter test masses around 120K and at 10K
unavailable e Cons:
* High cyotical absorption value and « Technology still immature
Sprea * No large test mass produced
e Birifra ngence * Monolithic fiber production technology still
unavailable
* Opaque at 1064 nm, to be used at 1550 or
2000nm
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ET collaboration

e Launched the ET letter
of intent @ the 9t ET

symposium (April 2018)r

Netherlands; 39;
 Currently, we collected °”

. . Belgium; 4 3
759 signatories “E 104 T & 1%

Sia; 5; 1%
Denmark;
1; 0%

Switzer| e
; 8,19

E r I VY EINSTEIN
TELESCOPE http://www.et-gw.eu/index.php/letter-of-intent 3G+LISA-2 71
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E T ‘ EINSTEIN
TELESCOPE

ET site: 2 candidates

Horizontal spectral motion at various sites

L3

LT \VirgoOm
|| Netherlands 10 jm —
101 || Sardinia 185'm

[ '
H * 3 borders site (NL-B-DE)

rungary 20 m e Sardinia site (IT)
| | Spain LSQﬁDG m —
1072 F A
— /
1& 1 D_-1 3 Amstgrdam b ¢ pemino: it
w Lorc])dra
o Y TyLolonia - Germania
E )v\‘\—'idg(m Francoforte
ey _-1 4 Lussemburgo i
ﬂD} 10 A
o
1{}_1 > | Francia i
b o Slovenia ©Zagabri
Croazia af{
Bosnia ed (
Erzegovina
-16 ) ara jeve
A T
Barco,.lona ©Roma o
17 ' U
1 D_ Jalenc Mar Tirreno
01 1 10 )
3G+LISA-2 Algeri Tunisi
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Sites gualification

 What are the technical selection parameters?
* Define what are the important parameters needed

to compare the sites (GSSI/INFN leadership)

* Geology

* Seismology

* Natural radioactivity
* Water content

» Suggest a list of tests to be realised

* How the sites match these parameters?

* Complete the qualification for Sardinian site

e Team of qualification in the underground mine
e University of Rome, University of Sassari, INFN, INGV, GSSI

* Perform the qualification for the 3 borders site:
* 1 month of data analysed

3G+LISA-2




Initial funds raising

* The site qualifications, the engineering studies, the enabling
technologies development require initial funding

* Some initial funding has been delivered in the most proactive
countries to realise facilities and to candidate the sites

, talian Ministry on
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ET Pathfinder activities

ET Pathfinder in Maastricht

Bas Swinkels R L ST
on behalf of many people o g /

Nik|hef

3G+LISA-2

~ Elba, 21/05/2019

iterreg

EUROPESE UNIE

Vlaanderen-Nederland

Europees Fonds voor Regionale Ontwikkeling

Obtained ~14.5 MEuro funding from unconventional sources:

- InterReg Flanders-South of NL (European fund for cross-border development)
- Province of Limburg (NL), Dutch and Belgian national ministries
- Matched contribution by partners

Partners: Nikhef, universities of Antwerpen, Eindhoven, Ghent, Hasselt, Leuven, Maastrich
Satellite partners: Aachen, Brussels, Fraunhofer, Liege, Louvain la Neuve, Twente, TNO
Additional input from Glasgow, AEI, Perugia ...

100+ person-years (staff scientists and engineers) committed over the neig: 5 years

New collaborators are welcome
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* Site (preliminarily) qualified with a long
measurement campaign, published in CQG 4

* Very high quality geological, seismic,
constructive and environmental
characteristics

* Support of the Italian Government
St A

* 17 M€ promised to support AdV+ and the ET
site candidature SR
¢ 5.5M€ delivered in 2018 R v g
. . . . mmsnennW £
* 3.5M€ delivered by Sardinia region

* 1M€ from Research Ministry (PRIN)

* Direct involvement of the largest academic
institutions in Italy:

* INFN, INAF, INGV
* University La Sapienza Rome

* Direct involvement of the Sardinian
Universities:

* UniSS, UniCa

44°N

‘ : % Tyrrhenian -

: 3 Sea
(o, {21 4N Campidanol i?
= ot e e |
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W< * The site needs to be further qualified with
Activities at seismic and environmental measures

the SoOs * Thanks to the support of the Regione Sardegna is

NS6 under construction an underground lab (SarGrav)
“Enattos site for experiments that need very low level of

seismic and enwronmen I lafe §e -

B/ * INFN-CSN2 funded a furiam it i ,,
experiment for measuring k; "}" (A AR
i between vacuum quctua ighs g " N o
- * Archimedes (S gﬁ( y "" "
- We need geological, geotechnical arf’d S&IS 3, ic it L
3 qualification of the other 2 corners Ao 3

* We need an engineering study of the ET B
mfrast&etdre located in the Sardlnla ol
underground gy T
*“To involve publlc and ?wa
in this stud4¥, L &

IG+LISA-2 = A
L 4 L e “'\ i 3 > N . £, &
v “"\ | Y
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Conclusions E'T fosee
 GW is one of research sector the highest discovery potential in this moment

* We will have a rapid evolution in the next decades and we expect great scientific achievements

* If you like challenges, the 3G project is what you are looking for

* The payoff for the success is a new understanding of the Universe and real new physics
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End
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BBH and BNS merger rates
Lol — 01 BBH 0.4 GstAL BNS
I g | = wiom
0.8 Q%*O.Q
§0.6 0.0 e - —
m T ;
04 ,___\04 _P gljliﬁian
(A = nniform
0.2 / S0.2
0.0 101 ; : 102 0.0 101 102 103 104
R (Gpe ™y ) R (Gpe=3 y=!)

> BBH event rates: for the mass distributions of the primary mass m, flat in log (blue) and power-law (orange)
Union of the interval Rgg,, in [9.7,101] Gpc-3 y-!

» BNS event rates: for uniform or Gaussian component mass distributions
Union of the interval Rg,s in [110,3840] Gpc3 y'

» NSBH rates (no detection): Rysgy < 610 Gpc2 y' @90% confidence

factor of 2 better than O1 results, starts to be interesting
3G+LISA-2



Enabling Technologies

We could profit of
“excellences”

available in Europe * The Xylophone approach needs two
parallel technology developments:

e ET-LF: * ET-HF:
) ————

Underground * High power laser
Cryogenics * Large test masses

" . N .

Specific R&D Silicon ( ) test masses ew coatings | (¥)
needed Large test masses * Thermal compensation

New coatings * Frequency dependent
New laser wavelength squeezing

Seismic suspensions

Frequency dependent
squeezing

(*) AdV+ is a pathfinder for these technologies
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