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RS Outline KACRA

¥ Gravitational Waves
% Active GW experiments

% The future of GW astronomy
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VRS GW Spectrum KACRA

THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe
%)
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GW Spectrum

Characteristic Strain
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GW Spectrum

Characteristic Strain

102 ‘,\ -
“wr \_"),\
) -
rger % ¢
e x 1/m %«
- \Z
10 oW % %
AR €
: \%
%, %
101% ’ \7Z,
Massive binaries s \-\Q, R
Supermassive 7 B N %,
binaries 7/ \-<¢/,_ \(///-
1018 LISA :iens:fl‘:asble galactic (% * %/ LUGO
X .

Extreme mass
ratio inspirals

Type 1A
supermovae

10

Unresolvable "\ \
galactic binaries \ \
1022 e \
/ ‘ Compact bifary
LHC, 1 ps noise m Inspirals \
Core collapse \
\
1024 - supernovae .
1” L) Ll Ll Ll Ll Ll Ll Al
1070 10* 10° 10+ 102 10° 102 104 10°

Frequency / Hz

so, the lower the frequency, the higher the mass

A
g!v!}

Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021

9 @




Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021




Beam
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VIE@ Detecting GWs &A/G/RR

GWs are analogous to 1D sound waves

A matched filter is an optimal linear filter for signals
buried Iin noise

Very sensitive to phase evolution
Need very accurate models of the waveform

As the noise In the detector i1s not constant, the analysis
IS conducted in the Fourier domain
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Wik Detecting GWs KAGRA

Inspiral Merger Ring-
down
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GW Detection
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S BNS Range 01-03
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GW Detections KACRA
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GW Detections KACRA
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R GW Detections KACRA

Cumulative Count of Events and (non-retracted) Alerts
01 =3, 02 =8, O3a =33, O3b =23, Total =67
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GW Detections

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars
LIGO-Virgo Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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VIR

O3a Masses KACGRA
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O3a spins KACRA
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kS GW170817

Detected Aug. 17, 2017

Brightest GV event yet seen (SNR=32)

Lasted 100s / 3000 cycles in the detector

Sky error of 28 deg=

Luminosity distance of 40 Mpc

Multiple EM confirmations in gamma, x-ray, optical, radio

Confirmation of the link between BNS mergers and SGRBs

Event associated with galaxy NGC 4933 and kilonova AT201 /gfo
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GW170817 KAC

B (x| <005
Bl (x| <089

Chirp mass well constrained

Component masses affected 09
by degeneracy between g and

the aligned spin components
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mi [MG]

Abbott et al, PRL 119, 161101 (2017)
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S GW170817 KACRA
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"¢  GW170817/GRB170817A KACRA
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RS} GW170817 KACRA

The time delay between the GV and GRB detections over 130x106 Lyrs was
At = (1.74 +0.05) s

Defining the fractional difference between the speed of light and G\Ws as

We find the following constraint

—3x107P < Ac < 7x 10716
C

Large consequences for cosmological theories
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5 GW170817 KACRA

TaylorF2
PhenomDNRT
PhenomPNRT
SEOBNRT

_ 0.0001
M = 1.1867 )00,

Chirp mass
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Abbott et al, arXiv:1805.11579 (2018)

R
é\'{) Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021 29
<@
v



VRS GW170817 KACRA
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EOS-ins Spec.Param + max. NS mass
(GW + EM)

_ +2.0 _ +1.4
Ry =10.77*t km Ry = 119711 km
]
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iR GW190412 KACRA

e BBH with (m;, mz) = (30, §) Me

o Dy =740 Mpc,z=0.15 — \\
04 — EOBNR PHM \
e [Most asymmetric system 0,3_3 ;{
e First evidence of higher order multipoles | //
as predicted by GR " _

0.2 0.3 0.4 0.5

Abbott et al, Phys.Rev.D 102, 043015 (2020)

Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021 32




ik GW190425 KACRA

ol — x <089 [\
Z | —— x<005
% 84 ==e=-- Galactic BNS
e Potential BNS system 2o
e Jotal mass of 3.4 Me o ﬂ f R
Y00 225 45?3 2”75ﬂ300 325 350 3.75  4.00
Miot (Mo)

* Masses significantly larger than any
other known BNS

e Cannot rule out BBH using GWs

Abbott et al, Ap]J Letters 892, L3 (2020)
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ViR GW190521

KACRA

e BBH with (m;, mz) = (85, 66) Mo

® Primary Is sitting in the pair-instability mass gap

e Remnant has a mass of /42 Me

® First evidence of an IMBH formation
® 5Strong evidence for precession

® Formation channel unclear
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S GW190814 KACRA

0° 0
2\ 05 ‘?0 tilt
& - 0.6 -
o (my, mz) = (23, 2.6) Mo Vi 04 -
092 - / magmtude
= ‘ 0.0
e Secondary object in lower mass gap of 2.5-5 Me -
e Either lightest BH or heaviest NS ever detected o Qg

e |[fthis is a new class of binary, R = 1-23 Gpc-3 yr!
® 5pin of secondary object Is unconstrained

e (Could be a highly rotating NS, BH or something more exotic

Abbott et al, ApJ Letters 896, L44 (2020)
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(S Neutron star EOS KACRA
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et Pfi[)l'
e GW190814 was a much lower | T GWLTEL
GWIT8LT+| |
SNR event — = oW1
v| miﬁ.
. :

e More distant (241 Mpc) '
Em‘lO
)

10“ 'ldl.')
-3
plgen™)
Abbott et al, ApJ Letters 896, L44 (2020)
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AaG KAGCRA

VIR( Cosmology S

e Estimate Hubble's constant using standard sirens

1
* No cosmic distance ladder needed #h(¢) ~ e

L
e Best with EM counterpart
e Statistical method for "dark" sirens

e e.gGW170817: Hy = 69“:%2 km s~ Mpc

H, (km s Mpc)

Abbott et al, Nature (2017)

. +GW190814 : H, = 70:1%7 km s~ Mpc
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vikS 04/05 KACRA
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kS 04/05 KACRA

Virgo LIGO
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ViR Advanced Virgo+ KACRA

Coordinated strategy with Advanced LIGO *
Phase 1:
. . . r:':vzlp
Use signal recycling (used by Adv LIGO in O3] o || Tz s O e
PRM POP i-__;__‘ﬂ_]::______h___.i
Increase laser power from 26\W to 40W = —o B B L SR
,,,,,,,,,,,,,, iziz»eﬁ |
Use frequency dependent squeezing wose e [l Wi |

Photodiode (&)

----
- -

e Bigger test masses:
€ 55cm, 100 kg

l

Phase 2:

Input

Increase beam size on end test masses Il

R&D on coating mechanical / optical properties = =u A
sow | ey “N m’ : | 1
Quantum noise reduction i PP

-----

Laser power increase from 40Wto80wW B - ¢
Mode C?:;z:: IN] G ﬁg:te 5:3?@
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ViR Advanced Virgo+ KACRA
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The IFO and filter cavity has been locked ==

Noise hunting will take place in 1st half of 2022 ] e
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VRS Kagra & LIGO India KAGRA

LIGO India
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VRS Kagra & LIGO India KAGRA

KAGRA on track to join 04. tericrr.u-tokyo.ac.jp/en/

LIGO India
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vikS 04/05 detection range CRA

01 02 03 04 05
BNS Range (Mpc) aLIGO 80 100 110-130 160—- 190 330
AdV - 30 50 90-120 150-260
KAGRA - - 8—25 25-130 130+
BBH Range (Mpc) aLIGO 740 910 990-1200 1400-1600 2500
AdV - 270 500 860—-1100 1300-2100
KAGRA - - 80-260 260- 1200 1200+
NSBH Range (Mpc) aLIGO 140 180 190-240 300-330 590
AdV - 50 90 170-220 270-480
KAGRA - - 15-45 45-290 290+
Burst Range (Mpc) aLIGO 50 60 80-90 110-120 210
[Egw = 102 M2 AdV - 25 35 65-80 100-155
KAGRA - - 5-25 25-95 05+
Burst Range (kpc) aLIGO 15 20 25-30 35-40 70
Egw = 1079 M2 AdV - 10 10 20-25 35-50
KAGRA - - 0-10 10-30 30+
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vk O4 Event number predictions KACRA

Observation  Network Expected Expected Expected
Run BNS Detections NSBH Detections BBH Detections
12 19 2
03 HLV 1] 0% 174
52 91 89
04 HLVK 10775 17 1975
Area (deg?) Area (deg?) Area (deg?)
90% c.r. 90% c.r. 90% c.r.
34 24 30
03 HLV 27075, 33073, 280753
04 HLVK 3312 50+8 41+7
Comoving Volume Comoving Volume Comoving Volume
(10° Mpc?) (10° Mpc?) (10° Mpc?)
90% c.r. 90% c.r. 90% c.r.
19 150 2200
03 HLV 12075, 86073, 160007555,
10 100 500
04 HLVK 5275 430179 7700730
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Post-05 KAC
mm O1 oo O2 mm O3 = O4 == O5
80 100 110-130 160-190 Target
LI G O Mic Mic Mic Mic 330 Mic
30 50 90-120 150-260 . .
! i ik diod Mok Which are the science
Virgo . M W cuestions?
1 25-130 130 ] ]
Mpc Mpc M Which are the possible
KAGRA i w detector upgrades?
Target
. 330 Mpc
LIGO-India 1
| | | | | | | | | | | | | | | | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
>
towards the infrastructure limits
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Idea is to use highly stable millisecond pulsars as GV beacons in the nano-Hertz range
Main target is widely separated SVIBHBs
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ACommon red noise in EPT'A data

preliminary (EPTA 2021)
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frequency (Hz) 109104 curn
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20 2
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L5 ¥ EPTADR2 There is a strong statistical support for
104 .
presence of common red noise
0.5 1 {
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-1.5- red noise
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[Arzoumanian+ 2020]

—— Broken PL :

—6.5 = = PL(5 freq.) :

2 — PL(30freq)  §
= —71.0 ‘
Z :
2 ~. :
Z —7.5 :
* 5
- d
e —8.0 7 :
= |
8.5 - {
-9.0 — —~

ATw(E)

A (L)

NanoGrav 12.5 yrs data result

108
Frequency [Hz]

5.0 —1

There is a strong statistical support for
presence of common red noise

S() = Auf

common, uncorrelated
red noise

1

Credit: S Babak }.
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Common uncorrelated red noise

NanoGrav , EPTA and PPTA support presence of a common red noise
preliminary (EPTA 2021)

—5-0 ! ; T 7

X v v v v . 0 \ 1 Y T T T
10°° 10-7 -165 -160 -155 -150 -145 -140 -135 -13.0
frequency (Hz) 10g 10z uan
® EPTA DR2 Free Spectrum == EPTA DR2 Power Law O NGI12 Free Spectrum == NG12 Power Law 30  ~—— NG12 Power Law 5

Bayesian analysis: model selection (hypothesis testing)

pM;|d)  [pd|My)| (M)

Odd ratioo. OWM;,M,) =

pMy|d)  |p(d|Mp)| n(My) :
- . <

Bayes factor Credit: S Babak % ’
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Can 1tbe GW from SMBHs?

SMBH-bulge relations
-135 -
P P - = NGI2.5
< ~ == = EPTA DR2vO
\\ » -~ ~ Circular population
\ ~ e B68% Population
-14.0 ~o ‘\ e Q5% Population
* Analytic prediction: spectral index
-145 e Simulation of SMBHB populations is shown as
E green contours: wide range spectral indices
° .
“15.0 * Results of NanoGrav and EPTA are consistent
with spectral index from the population of
-15.5 SMBHBs
N
~
N
-16.0 >
2 3 4 3 6
Yy=3-2a

1
Credit: S Babak = % '@
= ‘ "
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7) l_ LISA >
' CONSORTIUM

» Laser Interferometer Space Antenna

» 3 spacecrafts on heliocentric orbits and distant from
2.5 millions kilometers

» Goal: detect relative dlstance changes of 10-2!: few picometers

Earth 2.5 millions km

UISA- A. Pefiteau - Journées PNH - Remote - 14 September 2021



© AIRBUS

DEFENCE & SPACE

ThalesAlenia

» LISA Consortium 1460 members:
e 698 "full members" committing time
e (62 associates participating to the 5 WGs: Astrophysics, Cosmology,

Fundamental Physics, LISA Data Challenge, Waveforms
LISA- A. Petiteau - Journées PNH - Remote - 14 September 2021




Planning & status

Adoption Luncimem Commissioning

| | ¥
-« PhaseA  Phase BI

Phase E
| Cadre, Vi |
LR B J |‘ﬁn.|.

Phase B2/(/D

Défintion Définition détaillée, production, intégration, tests, validation I Tmnsfoﬂl Opérations

2022 2024 2026 2028 2030 2032 2034 2036 2038 2042

» Now: end of phase A with ESA Mission Formulation Review
(October to December 2021)

» ESA Adoption end 2023
» Launch mid-2030
» Long building phase: 6 core subsystems (MOSA)

» Building of some model for subsystem already started

LISA- A. Petiteau - Journées PNH - Remote - 14 September 2021



Einstein Telescope
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Underground cryogenic
iInterferometer

~10x more sensitive than
2G detectors




Einstein Telescope
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ET Timeline

Slide: Michele Punturo
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ET Timeline

Slide: Michele Punturo

B
B

ESFRI Phases:
B Design

D
l:‘ 2)

| \

Sites cualification

M Preparatory

B Implementation

B Operation

Building the: ET coIIabo atlon
ol .>truct|0n/
<§ﬁm\-

I
Building ET
consortium I
-Il_l

’ : ET Rl construction

ET detectors
construction

<
1N
=
)
=
L

TELESCOPE

ESFRI
decision

ET

g Rl operative TDR

I ET
Installation

Detector Operative TDR

i . .. I’ ,
2202 - ‘

Y002
8002
010z
8102
6102
0202
1202
€202
v202
5202
9202
80l
0£02
202

é\'{) Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021 60
@



ET Timeline

Slide: Michele Punturo
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Einstein Telescope

Currently putting together the collaboration

A steering committee exists and meets weekly

Chairs have been assigned to various working groups

Working groups themselves are currently being organised

Close collaboration with members of Cosmic Explorer, as well as LIGO, Virgo and
KAGRA
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Einstein Telescope

SPB:

ET Working EIB:

Groups

Coordinate on-site activities > ol i » Define computing resources

Formulate site specifications Study computing models

Choice of site

Possible synergies

ISB: OSB:

ET-TDR for infrastructures

and detector ET science case

Identify missing technologies IR (L BT
Evaluate computing

Plan R&D activities .
requirements
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ET-ISB

://wiki.et-gw.eu/
ISB/WebHome
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ET-OSB

Marica Branchesi - Michele Maggiore - Ed Porter

Cosmology
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\
MM
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r
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~
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Exotic compact
objects
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Dark Energy

J
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ET-OSB

Investigate the science case for ET, especially for different configurations

Develop more sophisticated waveform models, incorporating higher order modes, EOS, and possible
deviations from GR

Investigate population models at near and high redshift, and the consequence for stochastic backgrounds
Develop an infrastructure for MMA, as well as a deep connection with external telescopes/facilities

Investigate fundamental physics in the vicinity of compact objects, dark energy and dark matter, and the
existence of exotic objects such as primordial black holes

Investigate cosmology at high redshift, including networks of cosmic strings, and precise estimates of
Hubble's constant.

Develop DA tools and analyses for CBCs, and transient events such as SN, cosmic string kinks/cusps etc.

Develop synergies with other GW observatories, i.e. 2G, Cosmic Explorer, LISA
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ET-OSB: Div S

e The goal of Div S is to build a bridge to comunicate, coordinate and collaborate with other neutrino and electromagnetic

observatories.

e Div S is governed by the OSB chairs, the MMA division chairs, plus a representative from each experiment

High-energy

« SVOM

« Einstein Probe

« GECAM

e eXTP

e Athena

« Mission concept THESEUS

« Mission Concept TAP

« Mission Concept GAMOW Explorer
« HERMES constellation

« AMEGO

UV/Optical/infra-red

« Vera Rubin Observatory

e ULTRASAT

« JWST

« The Nancy Roman Telescope
e« ESO : NTT+SOXS

e« ESO : VLT (optical and NIR instrumentation)
« ESO: ELT

e ESO: 4MOST

e Euclid (indirect synergy)

« WAVE

« DESI

RADIO

* SKA
e VLBI
e VLA(?)

Very High Energy

« CTA

NEUTRINO EXPERIMENTS

» Heper-Kamiokande

 |ce-Cube/GEN 2

4+ ESO, ESA, European collaborations such as ENGRAVE, and European infrastructure/networks such as ESCAPE/AHEAD2020 etc.

\"'( Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021 617
‘&




ET-OSB

Kick Off Workshop of the Einstein Telescope
ETG . Observational Science Board

Virtual meeting hosted by EGO

https://indico.ego-gw.it/event/240/

Currently 447 participants

OPEAN
k\ ITA Tl
JBSERVATI(

‘( Ed Porter, 40th Int. Symposium on Physics in collision, Aachen, Germany, 2021
<@

68



https://indico.ego-gw.it/event/240/

UG

VIR(

Conclusion KAG

¥ For the LVK, O3 was a great success

% Lots of surprises (and questions])
% was GW190425 a BNS or is there a BH in the system?

¥ how did GW190521 form? is it a 2nd generation merger?
% Is the low mass companion of GW190814 a NS, a BH or something else?

% 04 will be even more fruitful (and challenging)

% Plans have begun for 05/05+
% IPTA may have detected evidence of GWs
% ET is now on ESFRI roadmap and is in the process of building the collaboration

¥ Operations expected mid-2030s
% LISA is planned for launch mid-2030s
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