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Power spectral density (PSD)

Time series How to represent stationary noise in
frequency domain?

Noise spectrum

Finite-time Fourier

transform
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Sensitivity Models
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Einstein Telescope

, Underground infrastructure_-_”'_‘// e
‘Meuse-Rhine (triangle with 10km SiV
' length) 7

Two candidate sites.~.* = ’7 / '
TS ? L‘f"if‘«—. TR 5 N : _ i o 4~_

Up to 17m tall suspension
27 - -systems for core optics
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Einstein Telescope as Xylophone

Each vertex is the
center of a pair of
interferometers, i.e.,

6 interferometers in ET ET
total. Low Frequency High Frequency

Power: 18kW Power: SMW
Temperature: 10-20K Temperature: 290K
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Detector Infrastructure
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HVAC: LIGO Hanford

LIGO-Virgo binary neutron star inspiral range

Range at
SR 8

m  Hanford
Livingston
= \irgo

—

.

L]
1

—
2
o

I HVAC
Switch off

—

O
o
=
@
N
-
@
-
e
@
o
@
|-
o,
>
©
@
(@)
-
<<

12 14 16 18
Time [hours] from 2023-05-19 00:00:00 UTC (1368489618.0)

Cogne; J Harms 06/29/2023



— ET-D
Body waves

— Surface, 100 e . 5 5 c
Imgsilil 1) Density perturbation by a seismic field

B (7 ) = -V - ( (7 )5(7 t))

— — —

< Q@ 9
] ) o]
[ %] o =

i |
I
—
hamh

Q
2

Q

=
=

i
w

2) Associated gravity perturbation

V- (p(F)EF )

00(79,1) = G /dV

3) Solve for a specific seismic field

ol ArGp (. -p, . SO
57, 1) = 22 (26 (o, 1) — €3(o.1))

Distance
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G Newtonian-noise Cancellation
SR . Correlations
Wiener filter between all inputs y
g 5 — — —_— 1
Linear discrete filter = <anyn> - <yn Y, >
N Correlations between Residual noise power
Y : inputs y and target x after subtraction
) | Wy 2
Yn s » Assuming optimal sensor placement: < ‘ Wn " Yn — Ln ‘ >
yn3 L]t 10 borehole seismometers per test mass
Y N 'WnN + " Yn
n

8 10 12
N° of seismometers
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NNC System Design

Simulations + data for
optimization
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Open questions:
1) Where to place the sensors and how many?

2) How to design the noise-cancellation filter?

3) What types of seismic sensors should be used? .
50! Weslfgaﬂ il 2 e West—gast [m]

(c) SPECFEM3D simulation.
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Magnetic Fluctuations

Magnetic disturbances can appear
coherently in a global detector network.

Lightning transient can be coincident

LIGO-Hanford magnetometer Virgo magnetometer

Lightning Frequency

Schumann resonances
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Magnetic Coupling

LLO O3

A+ Design

Cosmic Explorer Design
Einstein Telescope D Design
Loudest Lightning Event
100th Loudest Event
10000th Loudest Event
Spectra at UL &

PRD 107, 022004 (2023) Frequency |Hz|
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Principles of Seismic Isolation

Filter 0

Virgo Superattenuator &= 4

Suspension wire

Larger structure

Damping Cascaded
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10° 10’ IP legs
Frequency

Difficult to realize

10~ 10° 10’
Frequency Frequency

Less isolation More peaks

In pratice: use combination of these methods
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Suspension Towers in ET




Noise from Detector Control

LIGO noise budget
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Angular Control

Torques continuously act on test masses:
Radiation pressure, noise from suspensions

Q
Damping loop Damping loop

feedback Need to counteract l
C,(h(t),s(t),P() random torques with ASC feedback

C,(h(t),s(t),P(t))
— feedback control -«—

Controller input [radHz /2]

Hard- and soft-mode
RP torque readouts (with sensor noise

y,(DP(t) h(t)=h(e,(t),8,(t)+v,(t)
s(t)=s(6,(t),6,(t)+v (t)

Input power Cavity power
P(t)=P(L(t),P, (t))

L(t)
Cavity length
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tf, mag [dB]

T —— Soft mode feedback
Hard mode feedback

T
10°
Frequency [Hz]

Back to suspensions
and test masses
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Angular Control: ET Strategy
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Origin of Thermal Noise

Brownian noise:

Every Qissipation mechanism leads to Many possible causes
a coupling of the system to a thermal (for example, change in
reservoir and thermal noise. atomic bonds)

Thermo-elastic noise:
Irreversible heat flux across

temperature gradients
Fluctuation-dissipation theorem:

: s Dilation: Thermal-noise spectrum proportional
Flexing fiber T lowered to mechanically dissipated power
4 8kT W 5;
A NOE 0ls2
QZ sz

Compression: 1
T elevated Wqiss 0
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Dissipation and Energy Landscape

“nearby” minima lead to tunneling or
thermally-activated motion of
groups of atoms

Angell, 1997

Two-level systems from neighboring energy minima in structural landscape:

« Atlow T, atomic structure tunnels between the > peV energy splitting E; , = A
« At higher T, atomic motion is thermally activated, requiring kgT ~ barrier height V

Cogne; J Harms 06/29/2023 24



Coating Deposition

SPECTOR  Target

gas flow

Assist ion
beam source

i

Sputtering
L bl 2 Main ion R 3
Dielectric stacks grown by  2*5¢™°Y beamsource Dual ion-beam sputtering
system
: T
Substrates
° onplanetary

m—
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ET Cryogenic System

. Conductive tube for nitial He-I
Cooling the ET-LF test masses cool down, and stationary heat-

is one of the biggest transport with He-II 1s under
technological challenges of ET. investigation.

Superecritical

Platform o— ¢

Critical point

Pressure / bar

Superfluid
He I

He-I: Cool-down process N Vapor

Marionette o— " 2o

=

Temperature / K

Cage o—__ |

He-II: Stationary-state operation

Mirror
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to seismic attenuator

1 MA suspension
(high Q crystal)

Thermal link

(low Q)

4 MI suspensions
(high Q crystal)

Cogne; J Harms

to seismic attenuator

3 CA suspensions
(medium Q metal)

1 MA suspension
(high Q crystal)

Thermal link

4 MI suspensions
(high Q crystal)

— ET-D: Total noise curve

— = STN:ma@ 20 K-mi @ 20 K - heatlink on MA
STN:ma @ 20 K- mi @ 20 K - heatlink on CA
STN:ma @ 20 K- mi @ 20 K - no heatlink

Frequency / Hz
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Quantum Noise

Heisenberg uncertainty principle

What are the position and momentum
variables in the case of light?
Fundamental measurement

in ET: Counting photons Multiple answers, but for GW detectors,
the conjugate variables are the
by 8 quadratures of the EM field:
o i :
oo © ; Caves: manipulate
9,,.‘ - E(t) = E{(t)cos(wyt)+E,(t)sin(wyt) quantum state at

the dark port.
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G SqUCCZiIlg Squeezer developed
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Strongly squeezed, Lough et al 2020
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Quantum Filter

Squeezing ellipse gets rotated by
the laser interferometer.

- Bad

I -
2

or1entat10n

 [rad] \ \

| orientation

Input filter
-- - {--4

. A filter is needed to compensate the

rotation of the squeezing ellipse.

Cogne; J Harms 06/29/2023 30



Background radiation @

Big Bang
Inflation

Expansion

. Cosmic strings

24

i
. s

1075 Hz

Microwave background
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binaries

109 Hz

Pulsar timing

L

Binaries

s

104 Hz
Space detectors

10° Hz

Coalescing binaries

10° Hz
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Binary BH Detection Horizon

: Years after the Big Bang ; s
| -
400 thousand : 0.1 billion 1 billion 4 billion 8 billion  13.8 billion
I - ¥ E
I
The Big B ! . 2 . =
Nk I . EinsteinTelgscope - - '
.
: %%” NP 8 . : : ‘chond:generation,
0 2 - A e -
The Dark'&ge '§-§- e ; I ¥ » ™ Present day
I 2o , 3 l Ak 7y .
. s A LI SR TR
I R : ; [ : I
Eully ionized | Reionization A e 1 @ \ Vg
ully iomze 4 s 7 » Fully 1onize e
1000 1o 10 l I 1
Credit: ALMA collaboration I 1+Redshift I I
z=100 7= GW190521:

z=0.82
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Detection Numbers

O1:12.9.2015-19.1.2016
02: 30.11.2016 — 25.8.2017

O3a: 1.4.2019 - 30.9.2019
O3b: 1.11.2019 - 26.3.2020

ET is expected see about 100000
BNS and 100000 BBH per year

BNS =

population

ET
A+

Cumulative Detections
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Effective BNS VT [Mpc® kyr]

Redshift of detected signals

Cogne; J Harms 06/29/2023 33




ET Sky-localization Capabilities

ET low frequency sensitivity

makes it possible to localize
BNS:

B detected ! X
=1 Q<1000 deg? Modulation of signal

B AQ <100 deg” amplitude and phase when
B AQ <10 deg?

B A0 <1 deg? observing it for many hours.

0.0 0.5 1.0
Dupletsa et al. 2023 Redshift

« 0O(100) detections per year with sky-localization (90% c.r.) < 100 sqg. deg
- Early warning alerts!
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Cosmic Explorer
A proposed detector in the USA

-

B detected ey,
1 AQ < 1000 deg? _— qﬁ
B AQ < 100 deg? ﬁ '
B AQ < 10 deg? : ﬁ
T

0 AQ <1 deg?

1.0
Redshift

« 0O(1000) detections per year with sky-localization
(90% c.r.) < 10 sq. deg
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Science Of Neutron Stars

Radioactively powered transients

w 2 o o 3
Rb Sr ¥ Zr Nb Mo Tc Ru Rh Pd A? Gd In Sn Sb Te | Xe
ar e e e e e us e e ae w B s Tm s s
Cs Ba Hi Ta W Re Os Ir Pt Au I:g Tl Pb Bi Po At An
@ T gt Py e e v o o m & @
Fr Ra .

Relativistic astrophysics

\

2

« A
\ =k

\

e ‘ La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er
‘AcThFaUI‘:gPuAmCmBkCIEsFdeNoLr
B w0 e W@ s ‘o5 86 o7 88 93 100 101 1@ 103

Credit: M Branchesi

Compact-object

formation and evolution Nuclear mgr physics
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Neutron-star Equation of State

Intrinsic mass — NS radius relation

Observing deformations of
neutron stars just before merger

400 GO0 ‘::LJ 0 1000 1200 1400 1600
M\

' Redshifted

" mass (1+z)*M

PUTHa e 18 20 22
my (Meg)
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Example: template bank (in mass space)
when GW150914 was discovered

Ix1,2] < 0.05
Ix1| < 0.9895, |x2| < 0.05
Ix1,2] < 0.9895

Mass 1 [Mg]
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S ’
n -.r‘, 'vf/’
- 7
f !i' !

Best match with
GW150914

Matched filtering
Template; can be generated in
frequency domain using

FFT of data
\* stationary phase approximation

S5 R 2w
c@) =42 g
£ S,.(f)

k Noise power spectral density

—— Correlation vs. time shift -

A

L
100 150 200
Time offset

Correlation
(=] — N [ L

o
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GW150914

= Qverall
—— [IMRPhenom
—— EOBNR

Gaussian likelihood approximation:
Assume that detector noise is Gaussian

50
0° 30° 60° 90° 120° 150° 180°

(a]b) = 4 [ a RaNb" (1)

Py 2 (2 ' 6 - -
PRL 116, 241102 (2016) JN S(n: /)

0
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Black-hole Populations

['vents Posterior

Observed Distribution

LVK, 2023

Precise population studies from 10° BBH
ear with ET/CE.

mergers observed per y

n

.. Voyager-3

Field
— Pop III

—
B
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10.0

12.5

Ng et al, 2021

Is there a population of
primordial black-holes?

10° 101
Redshift
06/29/2023

De Luca et al, 2020




Core-Collapse Supernovae

90 ms 170 ms 350 ms

100 km 500 km 3,000 km
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GW signals from core-collapse SNe

Modeling of SN signals is an extremely
complex problem and not yet fully understood.

C1 5-3DGWsignaI0-438ms
200 @25 MG

1000
300

3 600

400

200

1010g,, [102hes (f) (D = 10 kpe)]

waveform+noise
waveform

0.3
t — t‘t-_-u:n.nu:f:f [L‘]
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Black holes: the ultimate engine of discovery

[cit Cardoso, 2020]
Probing the structure Exotic compact objects:
of BH spacetime Infer mass-radius relation

BH horizon atr=21\/[ —

Unstable light ring

- r=3M

“~ Innermost stable

Stable ligh ring e 3 . " * circular orbit Bl exotic compact object
If object doesnot - r=6M 2 o mdm{ X
. e s Z o4 fom W\ e
have horizon . B 00 e
* 02+
Cardoso, Pani, 2019 Cardoso, Pani, 2019 A 10 0 1I0t1me(ms) 2 % 10
Agullo et al, 2021
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| Coherent WaveBurst

wavelet

wavelet transform data
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Temperature of the Universe
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Observation of Stochastic Backgrounds

Correlate data between GW detectors! oo

CslF) = Saw(Dws(H) €)= [ 4 CualNQus()

GW correlations of
an isotropic,
unpolarized field

KN

& E
CE&E
& E
&

-

m CE =
m CE -
- 1 & ET2 -
m ET1 -
m ET2 -
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The News of the Day: PTAs

Gravitational waves stretch The largest telescopes on Earth are used to precisely monitor the rotating ticks
and squeeze space-time of these pulsars over decades to reveal the faint echoes of distant-black holes

= EPTA data -  GW signature Expected Steepness

—
=
N o
L
=
=
]
§
1=
-]
o =
=
=
=
=
=
=
=
S
|-

Supermassive black hole binaries in the
distant Universe generate gravitational waves

0 20 40 60 80 100 120 140 160 180 -1 -2 -3
Angular Separation (degrees) Steepness of the GW spectrum
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G Gravitational-wave Memory
S
4 o(aE\| eex |
> . j b '
Christodoulou memory effect: ArjT=— [~z |—==— | dq

Gravitational-wave signal vs. time total signal
(oscillatory + memory)

GWs leave a lasting

| _/.\“/\_,\,-_.._..._-_- deformation ot
i

spacetime behind
them.

oscillatory waves
(no memory)

Deep connection to
spacetime symmetries
and quantum gravity.
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GW Memory: Detection and Model Selection

Evidence of detection and for model selection is
accumulated with increasing number of GW signals

MWM
Higher-mode
Quadrupole

Detection with LIGO/Virgo |

20 40 60 80
Detections

Boersma et al, 2020

Cogne; J Harms

Cumulative evidence. In B

Detection

1| ===== Strong evidence

—ET

| —FET4CE

75 100 125

Observation time [day]
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